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Some Factors Affecting Routes of Pyruvate 
Metabolism in Rats* 


Rocer E. Koreppe,t Georce A. Mourkipes,f anp Rosert J. Hiixi§ 


From the Division of Chemistry, University of Tennessee, Memphis, Tennessee 


(Received for publication, February 13, 1959) 


Labeling patterns in glutamic acid are indicative of the rela- 
tive amounts of pyruvate converted to acetate and to oxalacetate 
(2). Pyruvate is metabolized in mammalian tissue via acetyl- 
coenzyme A, the precursor of carbons 4 and 5 of glutamate 
(a-ketoglutarate), or via a dicarboxylic acid (oxalacetate or 
malate), the precursor of carbons 1, 2, and 3 of glutamate. When 
pyruvate-2-C™ is metabolized, the resulting acetyl-CoA will be 
carboxyl-labeled. It has been shown repeatedly (3-5) that in 
mammalian systems acetate-1-C™ labels only carbons 5 and 1 
of glutamic acid. Conversion of pyruvate-2-C™ to oxalacetate 
and thence to a-ketoglutarate will label positions 2 and 3 of 
glutamate (2), the presence of isotope in carbon 2 being due to 
randomization through fumarate. Labeling in carbon 4 of 
glutamate is indicative of equilibration of pyruvate-2-C™ with 
fumarate, followed by the formation of acetyl-CoA-1,2-C™. 
Since this acetate also labels carbon 5, it is 
amount of radioactivity approximately equal 
4 of glutamate is incorporated into carbon 5 after an initial 
equilibration with fumarate. Randomization in or equilibration 
with fumarate is accomplished via oxalacetate whether pyruvate 
subsequently enters glycolysis in the liver (6-8), traverses the 
Krebs tricarboxylic acid cycle, participates in the “dicarboxylic 
acid shuttle” (6, 9, 10), or is converted to succinate by the 
isocitrase reaction. The latter reaction has not been observed 
in mammalian tissue. If pyruvate-2-C™ can enter glycolysis 
without the intermediate formation of oxalacetate, a situation 
which apparently exists in muscle (6), C' could be incorporated 
into carbon 3 of pyruvate by the hexose monophosphate shunt. 
However, randomization in glycolysis due to this shunt would 
seem to be quite limited (11, 12). Therefore, most of the label- 
ing in carbon 4 of glutamate probably stems from a previous 
conversion of pyruvate to oxalacetate. 

The above considerations indicate that after administration 
of pyruvate-2-C™ to animals, the radioactivity in carbons 2 and 
3 plus twice the radioactivity in carbon 4 of glutamate represents 
initial conversion of pyruvate to oxalacetate. The labeling in 
carbon 5 of glutamate, minus that in carbon 4, is indicative of 


apparent that an 
to that in carbon 


* Supported in part by a research grant No. RG-4735 from the 
National Institutes of Health, United States Public Health Serv- 
ice. A preliminary report has been presented (1). 

+ Present address, Biochemistry Department, Oklahoma State 
University, Stillwater, Oklahoma. 

P {Present address, University of Thessaloniki, Thessaloniki, 
reece, 

§ Public Health Service Research Fellow of the National Insti- 
tute of Neurological Diseases and Blindness, National Institutes 
of Health, United States Public Health Service. Present address, 
he Rockefeller Institute, New York 21, New York. 


acetyl-CoA formation from pyruvate. Since carbon 2 of pyru- 
vate may be a precursor of carbon 1 of glutamate via either 
acetyl-CoA or oxalacetate, carbon 1 is of no value in distinguish- 
ing these pathways. 

The effect of fasting, insulin, alloxan diabetes, and thiamine 
deficiency on pyruvate metabolism has been investigated by 
determination of labeling patterns in tissue glutamic acid after 
administration of pyruvate-2-C™ or glucose-2-C™ to male rats. 
Recently, Freedman and Graff (13) have reported similar studies 
with alanine-2-C". 


EXPERIMENTAL 


A solution (0.5 to 2.5 mg. in 1 to 2 ml. of 0.9 per cent NaCl) 
of sodium pyruvate-2-C" or glucose-2-C™ (both obtained from 
Nuclear-Chicago Corporation) was administered by a single in- 
traperitoneal injection to male albino rats (of Wistar origin) 
from our own colony. During the 3-hour period between in- 
jection and killing, the animals were placed in a glass metabolism 
chamber swept with a slow stream of air. The expired CO, 
was trapped in alkali. The animals were killed by a blow on 
the head and “carcass” and liver amino acids were isolated, 
degraded, and assayed for radioactivity by methods previously 
described (2). Carcass refers to the entire animal, except liver, 
including the washed gastrointestinal tract. Two of the nor- 
mal animals (Rats 19 and 48) were taken from the colony im- 
mediately before the experiment, which was carried out during 
the day. Rat 34 was given pyruvate at midnight. Observa- 
tion during the previous 5 days showed that at this time the 
peak weight, for a given day, was attained. Thus Rat 34 is 
termed a “well fed’”’ normal animal. 

Diabetes was induced by intraperitoneal injection of 200 mg. 
of alloxan per kg. of body weight into the 48-hour fasted animal. 
A strongly positive Benedict’s test on urine was the accepted 
criterion for diabetes. 

Varying amounts of insulin dissolved in 1 ml. of 0.9 per cent 
sodium chloride solution were given intraperitoneally to several 
animals 2 hours before pyruvate administration (Table I). Blood 
sugar levels (Folin-Wu method) in these animals at the time they 
were killed (Rats 79, 82, and 98) were less than 60 mg. per 100 ml. 
compared with normal values of 120 to 135 mg. per 100 ml. 
Rat 75, a diabetic, received 4 units of insulin 2 hours before 
and simultaneously with pyruvate and had a blood sugar 
ralue when killed of 73 mg. per 100 ml. 

Thiamine deficiency was induced by feeding a test diet ob- 
tained from Nutritional Biochemical Corporation. This diet 
was fed for 30 to 35 days before the experiment during which 
time the animals lost approximately 40 per cent of their peak 
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TABLE I 


Labeling patterns in glutamic acid after administration of pyruvate-2-C'4 























| Distribution of C¥ in glutamic acid 
| — — 
| | Pyru- | rcass Live 
pat Pretreatment of animal Bat | by ales —— see a _ — : a _— 
"| si Percentage of total in carbons Percentage of total in carbons 
Total Total —-—- ————— 
| | 1 :7 Se 2 eS 4 1 2 3 4 
| gm, | ue. % mer ae 
19° | Normal 162 | 69 54 | 120) =| 22.1 | 13.9 | 19.2 | 2.9 | 41.3 | 318 17.4 | 23.2 | 27.9 | 1.6 | 26.7 
34° | Normal 141) 35 | 58 | 90.0 | 22.3 | 11.2 | 15.4 | 3.4 | 44.4| 197 | 16.9 | lost | 21.8 | 2.0 | 38.3 
48 | Normal 150 | 22 | 58 34.7 | 23.6 | 11.4 | 14.4 | 2.9 | 46.7 | 105 12.2 | 29.8 | 40.9 | 0.7 | 11.8 
35 | Fasted, 48 hours | 112 | 35 31 44.6 | 15.2 | 31.4 | 40.8 | 3.4 | 8.1 | 259 9.3 | 32.2 | 47.0}0.5| 2.2 
44 | Fasted, 48 hours | 113 | 25 24 | 29.7 | 13.8 28.9 | 41.2 | 2.4] 8.0 | 153 18.2 | 28.1 | 49.0} 1.0) 2.1 
60° | Fasted, 48 hours | 152 | 58 23 | 63.0 | 15.8 | 26.3 | 32.9 | 2.4 | 15.8 | 309 9.9 | 27.6 | 37.9| 0.4] 3.6 
68° | Fasted, 42 hours | 235 | 62 | 24 47.3 | 16.4 | 27.9 | 38.9 | 1.6 | 13.9 | 354 9.0 | 33.3 | 48.3 | 0.4] 3.6 
59 | Diabetic, approx. 2 weeks 151 | 58 22 39.7 | 18.5 | lost | 25.2 | 3.0 | 23.6 | 126 12:6 | 31.2 | 41.1) 1.1| 64 
72 | Diabetic, 8 days 156 | 27 17 13.8 | 16.0 | 24.8 | 41.5 | 2.2| 15.3 | 69.0! 9.6 | 28.0| 46.1|0.4| 4.8 
56 | Diabetic, approx. 6 weeks 171 | 63 39 66.3 | 21.7 | 13.1 | 17.1 | 3.0 | 43.6 | 138 16.5 | 25.7 | 22.8 | 2.7 | 34.6 
73 | Diabetic, 25 days | 161 | 27 30 14.3 | 23.8 | 10.4 | 18.2 | 1.2 | 51.2 | 46.4 | 22.4 | 19.4 | 25.4 | 0.0 | 34.6 
79 | Normal + 16 units of in- 113 | 21 68 70.0 | 22.9 | 10.4 | 14.7 | 3.9 | 45.7 | 128 16.7 | 19.1 | 27.2 | 2.1 | 31.0 
sulin 
82 | Normal + 16 units of in- 142 | 21 42 39.8 | 22.0) 9.6 | 13.2 | 3.9 | 46.7 | 82.8 | 17.4 | 14.4 | 23.4 | 3.0 | 38.9 
sulin 
98 | Fasted + 8 units of insulin | 100 | 28 14 15.1 | 18.1 | 23.3 | 27.0 | 5.8 | 23.1 | 75.9 | 11.3 | 35.0 | 49.8 | lost| 6.8 
75 Diabetic, 6 days, given 8 | 134 | 32 31 31.5 | 21.3 | 15.1 | 19.7 | 3.8 | 38.2 | 90.6 5 2.1 | 30.0 | 2.4 | 20.9 
units of insulin | 
67° | Thiamine deficient | 4 49 | 24 34.3 | 22.5 | 10.9 | 14.0 | 3.3 | 48.6 | 350 17.1 | 17.3 | 20.6 | 1.7 | 38.0 
70 Thiamine deficient d 35 | 30 17.9 | 22.9 | 10.6 | 13.8 | 2.5 | 50.1 | 107 17.0 | 18.0 | 23.4 | 1.5 | 38.7 
86 | Thiamine deficient + neo- é 28 27 14.6 | 20.6 | 8.4} 14.1 | 2.4 | 50.2 | 209 16.9 | 11.5 | 18.7 | 2.5 | 43.9 
pyrithiamine 
90° | Normal 118 | 272! 31 29.1 | 22.7| 9.9 | 13.0| 6.4 | 44.7| 46.5 | 21.3 | 15.3 | 14.7 | 6.9 | 39.2 
91¢ | Fasted, 48 hours 111 | 27° | 29 18.6 | 18.1 | 25.3 | 32.0 2.0 | 16.7 | 117 12.; lost | lost | 1.7 | 3.4 








* The compound given Rats 19-48 had a specific activity (manufacturer’s data) of 4.3 mc. per mmole; that given Rats 56-99 had 3.2 


me. per mmole; and the glucose-2-C™ given Rats 90 and 91 had 3.5 me. per mmole. 


> Data from a previous publication (2). 


¢ Given intraperitoneal injection of 200 mg. of glucose, 40 minutes before pyruvate injection. 


Initial Peak Weight 
d weight weight when killed 
Rat 67 200 235 144 
Rat 70 186 209 123 
Rat 86 157 210 109 


body weight (Table 1). This diet supported growth when sup- 
plemented with thiamine hydrochloride. Rat 86 received 6.5 
mg. of neopyrithiamine (Nutritional Biochemicals Corporation) 
48 hours, and 20 mg. of neopyrithiamine 1 hour before the admin- 
istration of pyruvate-2-C™, 

Information concerning the rats used, the compounds ad- 
ministered, and the expired C“O, recovered are presented in 
Table I. It should be noted that there is great variation in 
animal size and pyruvate dosage. This must be considered if a 
comparison of the specific activities of isolated amino acids is to 
have any significance. 

RESULTS AND DISCUSSION 

The CO, excretion data of Table I indicate that the normal 
rats, with or without insulin, converted pyruvate-2-C™ to C“O, 
most rapidly. Fasting, diabetes, and thiamine deficiency de- 
creased the rate of excretion as C“O». When glucose-2-C™ was 


administered (Rats 90 and 91), fasting did not affect the rate of 
conversion to COs. 

Because the acetyl-CoA and dicarboxylic acid pool sizes are 
not known, the following discussion is predicated on the as- 
sumption that the pool sizes are not changing. Furthermore, 
we are neglecting the possibility that C™ in the dicarboxylic acid 
pool may result from exchange reactions between these acids 
and pyruvate, as well as from net synthesis from pyruvate. 

As explained above and as reasoned by Freedman and Graff 
(13), labeling patterns in glutamate should be indicative of the 


routes of pyruvate-2-C™ entry into the Krebs tricarboxylic acid | 


cycle. High activity in carbon 5 relative to carbons 2 and 3 
suggests a predominance of the acetyl-CoA route. The reverse 
situation implies a greater metabolism via oxalacetate. A 
corollary to these statements is the expectation, based on con- 
sideration of the Krebs tricarboxylic acid cycle, that when the 
labeling in carbon 5 of glutamate is decreased, the percentage 
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carboxy] labeling in aspartate will also be decreased, whereas the 
percentage labeling in carbon 3 of alanine will be increased. 

As shown in Tables I, II, and III, the experimental results are 
in close agreement with the predictions concerning the compara- 
tive labeling patterns of glutamic acid, aspartic acid, and alanine. 
The correlation is particularly excellent between carbon 5 of 
glutamate and the carboxyl carbons of the corresponding as- 
partate (Tables I and II). However, the distribution of C™ in 
aspartic acid has a maximum variation of about 3-fold (e.g. liver 
aspartate, Rats 44 and 82) as compared with a variation of at 
least 15 fold in the percentage activity of carbon 5 of glutamic 
acid (e.g. liver glutamate, Rats 34 and 35). Because glutamic 
acid labeling patterns are more sensitive to physiological varia- 
tion (Table I) and are inherently more informative (2, 13), this 
amino acid is the one of choice in studying routes of pyruvate 
metabolism. Therefore, the remainder of this discussion will be 
confined to the data in Table I; those in Tables II and III are 
presented as supporting evidence. 

The glutamic acid sampies isolated from liver have a smaller 
percentage of their total radioactivity located in carbon 5 than 
do the corresponding samples isolated from the carcass. This 
may indicate that the oxalacetate route is quantitatively more 
important in liver. This observed difference (Table I) between 
carcass and liver glutamates suggests that the reported greater 
conversion of pyruvate to acetyl-CoA by lymphosarcoma as 
compared with liver (13) may be due to a difference between 
lymphoid and liver tissue rather than a difference between 
neoplastic and normal tissue. 

The results within a given group of animals are quite con- 
sistent, the greatest variation being found in the normal liver 
glutamates (Rats 19, 34, and 48). Of these, only Rat 34 can 
be considered a well fed control, as described in “Experimental,” 
and the lower activity of carbon 5 in Rats 19 and 48 may possibly 
be due to the nutritional status of the animals. Whatever the 
cause of this variability in liver glutamates from normal rats, it 
has no effect on the carcass labeling patterns. 

Fasting profoundly decreases the conversion of pyruvate to 
acetyl-CoA, as evidenced by the decreased labeling in carbon 5 
(Rats 35, 44, 60, and 68). The intraperitoneal administration 
of 200 mg. of glucose about 40 minutes before pyruvate injec- 
tion (Rat 68) did not affect the results. Freedman and Graff 
(13) reported data on fasting liver glutamates which are very 
similar to those presented here. The decrease in acetyl-CoA 
formation from pyruvate in the fasted animal is a probable con- 
sequence of the increased need for gluconeogenesis. 

Alloxan diabetes of 8 days’ duration (Rat 72) apparently 
decreases the conversion of pyruvate to acetyl-CoA, whereas 
diabetes of 25 days’ duration (Rat 73) does not seem to alter 
pyruvate metabolism. Although the exact duration of diabetes 
is unfortunately not known for Rat 59 (short term) and Rat 56 
(long term), the data from these animals do corroborate those 
from Rats 72 and 73 respectively. No explanation is offered for 
these differences, but it is interesting that some diabetics (Rats 
56 and 73) metabolized pyruvate in a seemingly normal manner, 
despite the obvious demands for gluconeogenesis. 

It was felt that since insulin decreases gluconeogenesis (14) and 
increases lipogenesis (15), a normal animal treated with insulin 
might convert an abnormally large amount of pyruvate to 
acetyl-CoA. However, normal animals (Rats 79 and 82) that 
received a massive dose of insulin had labeling patterns similar 


to the well fed control (Rat 34). In contrast to its apparent 


R. E. Koeppe, G. A. Mourkides, and R. J. Hill 
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TaBLeE II 
Distribution of C'* in isolated aspartic acid 





























Carcass Liver 
Postoentmant No. Percentage in [Percentage in 
| Total carboxy] Total | carboxyl 
| | carbons | | carbons 
a SS ———— —— 
myc./mmole | |myc./mmole | 
Normal 19* | 71.3 | 62.4 | 
34* | 50.3 | 67.2 | 92.2 | 45.0 
| 48 | 18.6 | 70.1 | 122 | 15.4 
Fasted | 35 35.0 | 33.0 | 188 17.3 
| 44 | 23.1 29.9 | 118 | 14.8 
60 | 46.5 | 36.3 | 217 | 18.8 
| 68 | 33.7 | 385.3 | 242 16.1 
Diabetic | 59 | 27.8 44.6 | 86.5 | 22.5 
| ww | wes 36.0 | 47.4 16.7 
56 37.3 63.5 65.7 | 41.1 
73 8.2 75.6 | 22.6 | 39.8 
Insulin 79 39.0 67.2 | 64.7 37.8 
treated | 82 21.9 67.6 36.7 48.0 
| 98 10.0 45.8 53.0 20.9 
| 75 18.7 60.9 49.1 33.2 
Thiamine | 67 19.5 67.7 | 151 46.6 
deficient | 70 11.6 | 66.0 59.8 42.2 
| 86 8.4 | 64. 61.7 43.0 
Normalf | 90 17.3 | 68.2 | 20.3 63.1 
Fastedt | 91 16.6 | 39.2 109 21.5 
* Data from a previous publication (2). 
t Given glucose-2-C™, 
Tas_e III 
Distribution of C'* in alanine 
Carcass Liver 
Pretreat- | Rat | Percentage of total Percentage of total 
ment No. | } in carbons | in carbons 
| Total | i i era * 
. 2 ioe 3 | Le | 2 3 
muc./ | myuc./ 
| mmole | | mmole 
Normal....| 34* | 107 (5.8 [87.5 | 4.7 | 229 | 5.5 (88.6 | 4.9 
Fasted.....| 35 91.2 |4.7 |75.9 |18.8 | 292 | 4.4 75.7 118.2 
| 68 358 | 4.0 (80.1 |12.3 
Thiamine 
deficient .| 67 238 | 6.5 |80. 
| 70 | 124 


Normalt 90 
Fastedt 91 


9.2 77.4 |10.8 
38.3 16.3 |80.9 {12.1 | 


45.4 (11.2 |70. 


6 | 7.3 
| 5.6 (87.3 | 5.2 
3 |10.1 

163 7 


6.6 |82. 





* Data from a previous publication (2). 
+ Given glucose-2-C™. 


lack of effect on the routes of pyruvate metabolism in normal 
animals, insulin appears to enhance the formation of acetyl-CoA 
from pyruvate in the fasted (Rat 98) and 6-day diabetic (Rat 
75) animal. This enhancement by insulin of the acetyl-CoA 
route is greater in the diabetic than in the fasted rat. Possibly a 
longer pretreatment (14) with insulin would have resulted in a 
more extensive conversion of pyruvate to acetyl-CoA in all of 
these rats. 

Knowledge of the role of thiamine in the conversion of pyruvate 
to acetyl-CoA and the loss of appetite during thiamine deficiency 
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led to the prediction that thiamine deficient animals (Rats 67, 
70, and 86) would convert only small amounts of pyruvate to 
acetyl-CoA. However, the thiamine deficient animals decar- 
boxylated at least as great a percentage of pyruvate to acetyl- 
CoA as did the well fed normal animal. If the factors of gluta- 
mate specific activity, body weight, and pyruvate dosage are 
considered, it can be seen that the normal animals incorporated 
a greater net amount of C“ per gram body weight into carbon 5 
of carcass glutamate than did the thiamine deficient ones. How- 
ever, the thiamine deficient and normal rats incorporated about 
equal net amounts of C“ into carbon 5 of liver glutamate. Thus 
it is clear that a severe thiamine deficiency accompanied by a 
sharply diminished food intake did not alter the percentage of 
pyruvate metabolized via acetyl-CoA compared to that via 
oxalacetate. 

Rats 90 and 91 which received glucose-2-C™ were normal and 
fasted, respectively. The labeling patterns are similar to those 
found with pyruvate-2-C™, In view of the correlation between 
the data of Freedman and Graff (13) with alanine-2-C™ and 
those reported here with pyruvate-2-C™ and glucose-2-C", it is 
reasonable to assume that any compound which is a precursor 
of pyruvate-2-C", may be used to study routes of pyruvate 
metabolism. A greater percentage of the total radioactivity 
was found in carbon 4 of the glutamates isolated from Rat 90 
than in carbon 4 of any of the normal pyruvate animals. A 
probable explanation of this increase is that additional ran- 
domization occurred via the hexose monophosphate shunt, a 
metabolic route more available to glucose than to pyruvate. 

It should be emphasized that the percentage activity in carbon 
4 of glutamate is not of itself a measure of randomization in 
pyruvate before acetyl-CoA formation. The ratio of 
carbon 4 to the sum of carbon 5 and carbon 4 gives an estimate 
of this randomization. Inspection of Table II shows that in 
general when acetyl-CoA formation from pyruvate is decreased, 
randomization in acetyl-CoA is increased. 

The data presented have been interpreted as being indicative 
of net changes in routes of pyruvate metabolism, but at present 
it is impossible to prove that the variations observed did not 


twice 


result from changes in pool sizes. For example, the decreased 
labeling in carbon 5 of glutamate from fasted rats may quite 
possibly be due to increased gluconeogenesis. However, the 
fasted animal is mobilizing fat and the decreased radioactivity 
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in carbon 5 could also result from dilution by an increased acetyl 
CoA pool. 

The data in Tables I, II, and III clearly demonstrate that a 
knowledge of the radioactivity of carbon 5 of glutamate is all that 
is needed to estimate the relative amounts of pyruvate converted 
to acetyl-CoA and oxalacetate. This carbon may be liberated 
by a Schmidt reaction on glutamic acid (4, 16, 17). Since, in 
studies of this nature, quantitative rather than qualitative dif- 
ferences are observed, statistical treatment of data might be 
useful. The isolation and complete degradation of glutamate is 
too time consuming to permit the accumulation of extensive 
data. Therefore, it may be expedient in future studies to make 
conclusions based on values obtained for carbon 5 only. 


SUMMARY 


The labeling patterns in liver and carcass glutamate, aspartate, | 
and in some instances alanine, have been determined after 
intraperitoneal injection of pyruvate-2-C™ to normal, fasted, 
alloxan-diabetic, 
rats. Assuming no variation in pool sizes, the results suggest 
the following. 


insulin-treated, and thiamine-deficient male 


1. In the liver, pyruvate metabolism fluctuates more and 
proceeds via oxalacetate to a greater extent than in the carcass, 

2. Fasting markedly diminishes the conversion of pyruvate 
to acetyleoenzyme A. 

3. Alloxan diabetes of short, 1 week, duration appears to 
diminish acetylcoenzyme A formation from pyruvate, whereas 
diabetes of longer duration does not. 

4. Insulin, administered 2 hours before pyruvate injection, 
almost restores pyruvate metabolism in the 1 week diabetic to 
normal, but has little effect on pyruvate metabolism in the non- 
diabetic rat. 

5. Thiamine deficiency does not alter the conversion of py- 
ruvate to acetyleoenzyme A compared with the conversion to 
oxalacetate. 

When glucose-2-C™ was administered to a normal and a fasted 
rat the data resembled those observed with pyruvate-2-C™. 
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Topper and Stetten (1) fed p-galactose-1-C“ by stomach tube 
to fasted rats and isolated glucose from the liver glycogen. 
About 90 per cent of the C'™ was in C-1 of the glucose unit of 
glycogen. They concluded that a direct epimerization of carbon 
4 of the p-galactose occurred rather than a rupture of the carbon 
skeleton (1). However, any mechanism which removed C-1 and 
which formed glycogen from all or part of the remaining 5 car- 
bon atoms would not be detected with galactose-1-C™’. Thus 
the 6-phosphogluconate oxidative pathway might give rise to 
unlabeled hexose and only the direct conversion of galactose to 
glucose would be evident with galactose-1-C™. 

It has been observed by Krebs (2) and others! that under ana- 
erobic conditions Escherichia coli produces much larger amounts 
of succinate from galactose than from glucose. Also, Pierce and 
White (8, 4) have reported that Streptococcus pyogenes formed 1 
mole of lactic acid per mole of galactose, in contrast to glucose 
from which 2 moles of lactic acid were formed per mole. These 
observations suggest that there are differences in the metabolism 
of the carbon chain of galactose and glucose. 

The purpose of the present investigation was to compare the 
isotope distribution in the liver glycogen produced from p-galac- 
tose-2-C™ with that produced from p-glucose-2-C™. If p-galac- 
tose-2-C' were metabolized in the same way as the p-glucose-2- 
C', then the isotope distribution in the liver glycogen should be 
the same in both cases. Any significant deviation in the isotope 
distribution in the liver glycogen might indicate either that the 
hexoses are metabolized via different pathways or that one hexose 
is metabolized by one pathway to a greater extent than the other 
hexose. Further information concerning the conversion of galac- 
tose to glycogen was obtained with the use of randomly labeled 
galactose. 


EXPERIMENTAL 


The galactose or glucose solution was administered by stomach 
tube to adult male rats which had been fasted previously for 24 
hours. Respiratory CO: was collected for 3 hours as previously 
described (5). After 3 hours the rats were anesthetized with a 
solution of Amytal sodium and the livers were removed and di- 
gested for 2 hours in hot 30 per cent KOH solution. The gly- 
cogen was precipitated by addition of an equal volume of absolute 
ethanol and was reprecipitated from LiCl solution with ethanol 
(6). It then was hydrolyzed in 1 Nn H.SO, for 3 hours at 100°. 


_* This investigation has been supported by grants from the 
United States Atomic Energy Commission under Contract No. 
AT-(30-1)-1320. The C™ was obtained on allocation from the 
Atomic Energy Commission. 

'M. Mickelson and H. G. Wood, unpublished results. 
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The hydrolyzate was treated with Darco 60 charcoal (7) and the 
glucose was determined by the method of Somogyi (8) and Nel- 
son (9). The glucose was degraded with Leuconostoc mesenter- 
oides (10) after the addition of carrier glucose. 

Radioactivity was measured by a gas proportional counter (11) 
and calculated as counts per minute per mmole of carbon or per 
mmole of compound. The average specific activity of the glucose 
was determined by total combustion (12) and by multiplying 
the specific activity of the CO. by 6. 

The galactose-2-C™ and glucose-2-C™ were purchased from the 
National Bureau of Standards. 


RESULTS 

The general experimental data are summarized in Table I. 
Table II presents the distribution of C“ in the glucose unit of 
glycogen obtained with glucose-2-C" and galactose-2-C™. In the 
experiments of Table III the fed galactose was labeled predomi- 
nantly in carbons 1, 2, 3, and 4, and had been isolated from milk 
lactose from cows given acetate-1-C™ (13). The distribution of 
C™ in the fed galactose shown in Table III is taken from the 
data presented by Schambye et al. (13). Those for the galactose- 
2-C™ and glucose-2-C" were determined in the present investiga- 
tion. The result with the C-2 labeled sugars confirms the gen- 
eral reliability of the degradation (10). 

It is seen in Table II that there was a greater randomization 
of C™ in the glycogen from glucose-2-C™ than there was from 
the galactose-2-C™. With glucose-2-C™, 68.2 to 80.5 per cent 
of the C™“ was retained in C-2, whereas with galactose-2-C™ the 
corresponding values were 90.5 to 93.4 per cent. In addition, 
in the experiments of Table III the C™ distribution of the glyco- 
gen was very similar to that of the fed galactose; thus it appears 
that most of the galactose carbon was converted to glycogen as 
an intact 6-carbon chain. 


DISCUSSION 
Fig. 1 presents a comparison of the reactions involved in the 
formation of glycogen from glucose and from galactose. Two re- 
actions are indicated for the formation of glycogen from either 
glucose or galactose, one via glucose 1-phosphate and the other 
via UDP-glucose. The latter conversion is based on the recent 
observation of Leloir and Cardini (14) and Leloir et al. (15) who 
found that UDP-glucose is converted to liver glycogen in the pres- 
ence of a suitable primer. Likewise Villar-Palasi and Larner (16) 
have reported that glycogen is formed from UDP-glucose by skel- 
etal muscle and diaphragm (cf. also Robbins et al. (17). 
Two pathways, | and 2, are shown in Fig. 1 for the conversion 
of galactose to UDP-glucose. This conversion has been demon- 
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TaBLe [ 
General experimental data on rats 


Galactose and Liver Glycogen 


Vol. 234, No. 9 


Tas_e III 
Distribution of C' in liver glycogen of rats fed labeled gence 


























| | | ' 
e, } | ge 
Z + Ispecific | 8 } 
¢ ~|—~j| Total | € | 3 activity} p | Total 
F C4 compound fed | | &| 2 counts ls | eg | of | g | Poly 
& S| ‘s 9 e | Bs %o |glucose| 3 2 
3 a 5 } 3 5 $3 | unit | 4 | 
6i| ea] oa | a | os" | | = | 
| | |} || a we | 3 | 
he : | c.p.m. | gm. Jmmotes Paola | : | ¢.p.m. 
1|280|5.8) 73,226 | | 
1 | Galactoset ) | | 15 |0.389| 1,700) | 
| 2\280/7.6| 95,000 | | | | 
| 3/2206. 5) 96 , 000) | } | 
2 | Galactoset | | 14 (0.855, 3,000) | 
4|220/6.5| 96,000) — 
5220(6.7| 96, waa | | | 
3 | Galactose 1 | | 1 [0.812] 2,100) | 
6|220/6.7| 06,0001, | | | 
7/285/6.6/100,000) | | | 
4 | Glucose-2-C* 117 {1.53 |10,000) 
8/285 /6 .6 100,000) | 
9|28016.6|110,000| | | | 
5 | Glucose-2-C™ ke 18 0.861) 6,410|29.3| 9,700 
10)265(6.6/110,000) | || 
| 11/272'6. 6 108, 000) | } | 
6 | Galactose-2- | 17 0.461] 6, 620|28.6) 1,900 
cu 12 2636.6 108,000) | | 
13|249|6.6)100, 000 | 
7 | Galactose-2- | | |13.5|0.817| 6, 130 
cu 14/269/6.61100,000, | 
15|255/6 .6|100, 000) | \22.6|12, 230 
8 | Galactose-2- | | 14 0.817, 6,400) | 
cu 16/220/6.6|100,000) | | 115.7) 8,800 








* Male white rats of the Sprague-Dawley strain were used in 
Experiments 1, 2, 3, 7, and 8; male rats of the Wistar strain were 
used in Experiments 4, 5, and 6. 

+ The livers of two rats were pooled in each experiment. 

t Galactose was obtained from studies of lactose synthesis (13). 
Refer to Table III for C" distribution. 


TaB_Le II 
Distribution of C4 in liver glycogen of rats fed 
p-glucose-2-C'4 and p-galactose-2-C'* 





} | Percentage of total C¥ of 


Experiment hexose unit Recovery 
No. 


of C¥ in 
| degrada- 
tion 


C4 compound | 





| | | a 
C-1 | C 2 |C-3| C-4] C-5| C-6} 


| | % 
4and5 | Glucose-2-C% fed | 0 (98.2/1.3}0 [0 (0.4) 100 
4 | Glycogen from glu- | 7.2/80.5/3.8)/1.2)4.3/2.8) 95.7 
cose-2-C'4 pe | | 
5 | Glycogen from glu- |13.568.2)1.2/2.2/8.2/6.5) 97.3 


cose-2-C'4 
6, 7, and | 
.1/97.60.8)0. 


8 | Galactose-2-C™ fed | 0 310.410.7| 96.9 
6 | Glycogen from ga- | 1.890.53.80.6/1.9/1.3) 96.4 
| laetose-2-C' 
7 | Glycogen from ga- | 1.7/93.4)0.910.51.5)2.0 96.3 
lactose-2-C'4 
8 | Glycogen from ga- | 1.891.7/1.60.8/2.1/1.8 97.5 


lactose-2-C'™ 





| Percentage of total C™ of 








. a : | Recove 
"eat ne - hexose a | | of Cuin 
ci}c2|c3|c4ales|co 
| | | | % | 
1 | Galactose-C'* fed* 3.5) 6.7/38.3/48.50.8/1.9 ; 
1 | Liver glycogen 5.1] 7.4/36.0)42.9|1.1/1.1] 96.5 
2-3 | Galactose-C'4 fed* (6.4/11.0/31.8/48.4/1.50.8 
2 | Liver glycogen 5.9|11.1/33.5/44.3/3.8/1.4) 95.8 
3 | Liver glycogen 5.6/11.2/33.0)43.2/5.1/2.0) 95.0 | 





* The labeled p-galactoses were obtained from the studies on } 
lactose synthesis (cf. (13) and Table II, Experiments 1 and 2) and 
were degraded by L. mesenteroides, strain 39, which were previ- } 
ously adapted to p-galactose. 
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Fic. 1. Comparison of pathways of formation of glycogen from | 
glucose and galactose and possible routes which will lead to ran- 
domization of the C. 


strated by Leloir (18) in liver. Pathway 1 involves UDP-galac- 
tose pyrophosphorylase (19, 20) (Reaction 1). 


Galactose-1-P + UTP = UDP-galactose + P-P (1 


The resulting UDP-galactose then is converted to UDP-glucos 
via the epimerase reaction. 

In Pathway 2 the galactose 1-phosphate is converted by UDP. | 
glucose galactose 1-phosphate uridy] transferase (21, 22) to glu- 
cose 1-phosphate (Reaction 2). 

UDP-glucose + galactose-1-P = 0 
UDP-galactose + glucose-1-P , 
The glucose 1-phosphate then is converted to UDP-glucose by 
UDP-glucose pyrophosphorylase (23) (Reaction 3). 


Glucose-1-P + UTP = UDP-glucose + P-P (3) | 


It is noted that the net product of Reaction 2 is glucose 1-phos 
phate and that UDP-glucose acts catalytically in this conversion 
through the epimerase as shown in Fig. 1. Thus both Reaction: 
2 and 3 are required for net formation of UDP-glucose in Path- | 
way 2 

It is evident that there is an important difference between the 
conversion of glucose and galactose to glycogen; the former takes 
place directly through glucose 6-phosphate whereas galactos 
may bypass this intermediate. 
the basis of the studies of Bloom 
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liver slices, the radiochemical yield in COs, glycogen, fatty acid, 
and menthol glucuronide from glucose-1-C™ and galactose-1-C™ 
were compared. Bloom found that the radiochemical yield in 
menthol glucuronide :radiochemical yield in COs: (ratio h) was 
greater from galactose-1-C™ than the same ratio (d) from glucose- 
\-C“%. The same was true for the radiochemical yield in glyco- 
gen:radiochemical yield in CO, with galactose-1-C™ (ratio f) as 
compared to this ratio (b) from glucose-1-C“%. Furthermore h:d 
was greater than f:b. 

These results, thus, were consistent with the view that menthol 
glucuronide is formed from an intermediate further removed from 
glucose 6-phosphate than the intermediate which gives rise to 
glycogen, 7.e. glucuronide from UDP-glucose and glycogen from 
glucose 1-phosphate. However, more recent findings have indi- 
cated that glycogen may arise by way of UDP-glucose (14-16, 
17). If this is the case the ratio h:d might not be expected to be 
greater than f:b since the two compounds would arise from the 
same precursor. It should be noted, however, that even if all 
the glycogen were synthesized from UDP-glucose, if an exchange 
with glucose 1-phosphate occurred by the phosphorylase reac- 
tion, the ratio h:d might be greater than f:b. These considera- 
tions do not invalidate Bloom’s evidence that galactose is a more 
direct precursor of glycogen than is glucose. Recently Landau 
et al. (25) also have presented evidence supporting this view. 

In the present study the differences in the pathways of glucose 
and galactose have been investigated on the basis of the C™ pat- 
terns in the hexose units of the glycogen. It is seen in Fig. 1 
that glucose enters glycogen through an intermediate participat- 
Its C' therefore 
is more directly subject to the randomizations which occur in 
these pathways than is the C™ of the galactose. The results in 
Table II show that there was much more randomization of C™ 
in the glycogen from glucose-2-C™ than in that from galactose- 
2-C™, and thus the data are in accord with these concepts of ga- 
lactose and glucose metabolism. 

The results do not permit differentiation between either the 
two pathways of epimerization or the two pathways of glycogen 
synthesis shown in Fig. 1. Via uridyl transferase (Pathway 2) 
both the galactose and glucose reach glycogen through glucose 
|-phosphate and if the equilibration of glucose 6-phosphate and 
glucose 1-phosphate were sufficiently rapid, no differences would 
be expected in the C'™ patterns from glucose-2-C™ and galactose- 
2-C4. On the other hand, if the galactose were converted to 
glycogen via Pathway 1 and UDP-glucose, there would be little 
opportunity for randomization of C™ of galactose. Very little 
randomization of C™ actually was observed with galactose and 
thus the results are in best accord with Pathway 1. 

Hestrin-Lerner and Shapiro (26-28), Wilson (29), and Kiyasu 
et al. (30) have made an observation which relates to these ex- 
periments. They observed with segments of small intestine that 
there was considerable cleavage of glucose to lactate during its 
passage from the mucosal to serosal side, but there was essen- 
tially no cleavage of galactose. Consequently some of the ob- 


ing directly in the pentose cycle and glycolysis. 
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served differences between glucose and galactose may be due to 
an initial cleavage during absorption of the glucose. It seems 
unlikely, however, that this cleavage is the only factor causing 
randomization of the C™ of the glucose. When pyruvate (31) or 
lactate (32) is administered to fasted rats, the liver glycogen 
usually is labeled symmetrically in the two halves of the 6-carbon 
chain or preferentially in carbons 4, 5, and 6. In the present 
experiments (Table II), C-6 contained less activity than C-1; 
therefore it appears that there was randomization over and be- 
yond that arising via 3-carbon cleavage. 

It is probable that a significant part of the randomization of 
the C™ of the glucose was via the pentose cycle. Wood and 
Katz (33) have calculated theoretical ratios of C4 for C-1:C-3, 
C-2:C-1, and C-2:C-3 when glucose-2-C™ is metabolized in part 
by a complete pentose cycle and in part by other pathways. 
For the situation in which 1 part of the hexose is utilized by the 
complete pentose cycle and 17 parts are used for glycogen syn- 
thesis and so on, the theoretical ratios were C-1:C-3, 1.89; C-2: 
C-1, 10.0; and C-2:C-3, 18.9. The ratios of C™ calculated from 
Experiment 4, Table II, are C-1:C-2 1.9, C-2:C-1 11.2, 
and C-2:C-3 = 21.2. Thus the values are in rather close agree- 
ment with the theoretical values of Wood and Katz. However, 
the ratios of C™ calculated from Experiment 5, Table II, are 
quite different from the values calculated for Experiment 4. For 
example, the ratio of C-1:C-3 is 11.2 in Experiment 5. It is 
noted in Experiment 5 that there was considerable activity in 
carbons 5 and 6. It thus appears likely that there was more 
cleavage to 3-carbon compounds in Experiment 5 than in Ex- 
periment 4. Any randomization which occurred via 3-carbon 
compounds would not fit the calculations of Wood and Katz 
(33), since their calculation dealt only with randomization via 
the pentose cycle. 

It has been noted above that a number of investigators (2-4) 
have found that the yields of succinate and lactate differ with 
glucose and galactose. Since glucose and galactose may enter 
metabolism via different intermediates it is possible that the 
fermentations differ for this reason. 


SUMMARY 


The conversion of glucose-2-C™, galactose-2-C™, and randomly 
labeled galactose to liver glycogen has been investigated in the 
fasted rat. It has been found that galactose is converted to 
glycogen with much less randomization of its C™ than occurs 
with glucose-C™. It is proposed that there is more randomiza- 
tion of the C™ of glucose than of galactose, because glucose 6- 
phosphate is a direct intermediate of the glucose whereas galac- 
tose may be converted to uridine diphosphate glucose and then 
to glycogen without passing through glucose 6-phosphate. In 
this way galactose carbon is not directly subject to randomiza- 
tion occurring via the pentose cycle and glycolysis. No evidence 
has been obtained of an unknown pathway of galactose metab- 
olism. 
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Our interest in the microbial breakdown of uronic acids stems 
from this group’s earlier studies (1, 2) on the catabolism of pectin 
by soft-rot bacteria of the genus Erwinia. In those investiga- 
tions it had been shown that Erwinia carotovora, when previously 
grown on pectin, possesses enzymes which can convert pectin to 
galacturonic acid, and that the galacturonate is further metabo- 
lized by galacturonate-grown cells to a mixture of end products 
similar to that formed by Aerobacter. 

Early experiments suggested that the first detectable step in 
the catabolism of p-galacturonate and p-glucuronate by cell-free 
extracts of E. carotovora and Aerobacter cloacae was a reduction 
of the aldehydic group with either DPNH or TPNH to the cor- 
responding t-hexonic acid (3). We later found (4, 5) that ex- 
tracts of Erwinia contain an enzyme which isomerizes galac- 
turonic acid to 5-keto-L-galactonic acid,! and glucuronic acid to 
5-keto-L-gulonic acid.!_ As indicated in a preliminary report, the 
isomerization is followed by the reduction of the keturonic acids 
to p-mannonic acid and p-altronic acid, respectively (6). The 
keturonie acid reductase, which catalyzes the reductive step, 
acts either with DPNH or TPNH. The p-hexonates are further 
metabolized to triosephosphate and pyruvic acid. The present 
paper summarizes our evidence for the identification of the inter- 
mediates and for the nature of the individual steps involved in 
the metabolic sequence. 

It has recently been found, independently of our own investi- 
gations, that extracts of uronic acid-adapted cells of Escherichia 
coli also catalyze the breakdown of uronic acids by this pathway 
(7, 8). 

EXPERIMENTAL 


Cultural Procedures—The strain of FE. carotovora (EC 153) used 
in this study was isolated from soft-rot spoilage of green peppers 
and is the same strain used by Kraght and Starr (1, 2) in their 
studies on pectic enzymes and galacturonate fermentation. 
Aside from its inability to “produce gas”’ in the usual fermenta- 
tion tests, this strain is typical of soft-rot Erwinia, and actively 
rots carrot and potato tissues and liquefies pectate gels. A stock 
culture was maintained on slants of glucose-yeast extract-calcium 


*Supported in part by Research Grant E-1067 from the Na- 
tional Institutes of Health, United States Public Health Service, 
and by a grant-in-aid from the Monsanto Chemical Company. 

t Present address, Biological Sciences Department, Stanford 
Research Institute, Menlo Park, California. 

t Special Fellow (GF-4557) , National Institutes of Health (1953- 
1954) at the School of Biochemistry, University of Cambridge, 
and Rijksuniversiteit, Ghent. 

'5-Keto-L-galactonate may be designated also as tagaturonate, 
or as 5-keto-p-altronate. Similarly, 5-keto-L-gulonate may be 
designated as fructuronate, or as 5-keto-p-mannonate. 


carbonate agar at room temperature and transferred every 4 
weeks. 

The following medium was used for mass cultivation of this 
organism: substrate (galacturonate, glucuronate, or glucose), 
0.1 per cent; yeast extract, 0.1 per cent; Bacto peptone, 0.25 
per cent; KH.PO,, 0.4 per cent; K,HPO,, 0.5 per cent; spray of 
Dow-Corning silicone Antifoam A; distilled water; autoclaved 
(121° at 15 pounds) for 60 minutes (carboys) or 15 minutes 
(flasks); pH 6.8 after autoclaving. The inoculum was trans- 
ferred from a slant culture on YDC?* agar to an Erlenmeyer 
flask containing 50 ml. of the sterilized liquid medium. After 
incubation for 24 hours at 28° with shaking, the culture was 
used to inoculate 7 1. of medium contained in a 10-1. carboy. 
Vigorous aeration was accomplished by sparging with sterile air 
through an Alundum thimble. The cells were harvested in a 
refrigerated Sharples centrifuge after incubation at 28° for 24 
hours, yielding 2 to 3 gm. of packed cells per 1. of medium. The 
cells were washed several times with dilute Tris-HCl buffer, pH 
cf 4 

Cell-free Extracts—Cell-free extracts were prepared by sonic 
oscillation with a Raytheon 10 ke. magnetostrictive sonic oscil- 
lator. Packed cells were diluted with 2 parts of 0.05 m Tris-HCl 
buffer, pH 7.2, placed in the cup, flushed with hydrogen for 3 
minutes, and oscillated for 7 minutes. Cell debris was then 
removed by centrifugation (Servall SS1) at 20,000 x g for 10 
minutes. The supernatant liquid was dialyzed overnight at 4° 
against 0.05 m Tris-HCl buffer, pH 7.2, and centrifuged (Spinco 
model L) at 100,000 x g for 90 minutes; the clear solution was 
used as such (‘‘d-s’’ enzyme) or subjected to (NH4).SO, frac- 
tionation and DEAE-cellulose column chromatography as de- 
tailed in the appropriate sections below. 

Manometric Methods—The rates of oxidation of various sub- 
strates were determined in a Warburg respirometer at 30° with 
the use of conventional techniques (9). Warburg vessels con- 
tained 10 wmoles of substrate, 75 wmoles of phosphate buffer, 
pH 7.0, 1 ml. of cell suspension (1:25 dilution of packed cells), 
and 0.2 ml. of 20 per cent potassium hydroxide in the center well. 
The final fluid volume was 3.2 ml. 

Analytical Procedures—v-Galacturonic and p-glucuronic acids 
were measured by their reaction with a-naphthoresorcinol (10). 


2 The abbreviations used are: YDC, glucose, yeast extract, and 
-aleium carbonate agar; Tris-HCl buffer, tris(hydroxymethy]) 
aminomethane-HCl buffer; DEAE-cellulose, diethylaminoethy] 
cellulose; ‘‘d-s’’ enzyme, supernate after centrifugation of dia- 
lyzed cell-free extract in a Spinco centrifuge; ‘‘s’’ enzyme, super- 
nate after centrifugation of nondialyzed cell-free extract in a 
Spinco centrifuge. 
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Fig. 1. Reduction lag period. Cuvette contents: 40 ymoles of 
substrate (except C, which contained 8 wmoles of 5-keto-L-galac- 
tonate), 0.6 wmole of DPNH or TPNH, 0.2 ml. of enzyme, and 
270 umoles of Tris-HCI buffer, pH 7.2, in a final volume of 6.0 ml. 
The oxidation of the reduced pyridine nucleotides was measured 
at 340 my with a Bausch and Lomb Spectronic 20 colorimeter 
adapted for recording with a Varian Recorder. Experiments A, 
A’, E, and E’ contained p-glucuronate and B, B’, D, D’, p-galac- 
turonate. A’, B’, D’, and E’ were preincubated (substrate and 
enzyme) for 5 minutes before the addition of the pyridine nucleo- 
tides; A, B, C, D, and E were not preincubated. No reduction 
lag occurs after preincubation of the enzyme with either p-galac- 
turonate or p-glucuronate; no lag is evident when 5-keto-L-galac- 
tonate (Curve C) was used, even though it was not preincubated 
with the enzyme. 


Under the conditions of this procedure, pentoses and keturonates 
do not produce an extractable color. 

Lactones were determined by the procedure described by 
Hestrin (11). 

5-Keto-.-galactonic acid was determined by its reaction with 
carbazole as described by Suda and Watanabe (12). Although 
it was not so described by the authors, this test seems to be 
specific for 5-ketohexonic acids; uronic acids or 2-ketohexonic 
acids do not react detectably with carbazole under the conditions 
of this procedure. 

Pyruvate was determined with crystalline lactic dehydrogen- 
ase. 

The orcinol reaction (13, 14) was used to measure both 5-keto- 
i-galactonic and p-galacturonic acids. The absorption spectrum 


of these compounds after reaction with orcinol was measured with 
a Beckman model DK2 recording spectrophotometer. 
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Protein was determined by the method of Folin and Ciocalteau 
(15). All samples were compared with standard solutions of 
crystalline egg albumin. 

Chromatography—Radial and descending chromatographs on 
acid-washed Whatman No. 1 or No. 20 filter paper were used 
for the identification and purification of various compounds, 
Before application on paper, the solutions were usually treated 
with Dowex 50 (H+). The following solvents were used rou- 
tinely: Solvent 1, ethyl acetate-acetic acid-water (2:1:2, upper 
phase); Solvent 2, pyridine-ethyl acetate-acetic acid-water 
(5:5:1:3); Solvent 3, butanol-acetic acid-water (4:1:1); Solvent 
4, butanol-ethanol-water (5:1:4, upper phase); Solvent 5, ethyl 
acetate-pyridine-water (2:1:2, upper phase); Solvent 6, acetone- 
pyridine-water (2:1:1). 

Alkaline silver nitrate spray (16) was used to detect substances 
capable of reducing silver. Reducing sugars were revealed by 
spraying the chromatograms with p-aminohippuric acid (17), 
Lactones were detected by spraying with hydroxylamine-ferriec 
chloride reagent (18). 

Sources of Biochemicals—The basic calcium salt of 5-keto-1- 
galactonic acid was prepared according to the method of Ehrlich 
and Guttmann (19), and converted to the soluble neutral calcium 
salt. 

Pure p-galacturonic acid was obtained from the commercial 
product by several recrystallizations from acetone. 1L-Galac- 
tono-y-lactone and t-gulono-y-lactone were the generous gifts of 
Dr. F. A. Isherwood and Dr. J. De Ley, respectively. Dr. E. W. 
Putman kindly supplied the p-altrono-y-lactone, and Dr. M. 
Doudoroff very generously provided the 2-keto-3-deoxy-p-gluco- 
nate and the 2-keto-3-deoxy-6-phospho-p-gluconate. All other 
compounds used in this study were obtained as commercial 
products. 

Enzymatic Analyses—Reductase or dehydrogenase activity 
with DPN or TPN was determined spectrophotometrically at 
340 my in a Beckman DU spectrophotometer, or in a Bausch 
and Lomb Spectronic 20 adapted for automatic recording by 
using the voltage across the meter to drive a Varian Recorder 
(model G-11). 

Kinase activities were measured manometrically by following 
the production of CO, from a bicarbonate buffer (20). 

RESULTS 

Early in this investigation, several possible pathways were 
investigated by appropriate experimental means, with the con- 
clusion that none of the following reactions are evident when 

E. carotovora acts upon pb-galacturonate: decarboxylation to 
p-arabinose, phosphorylation with ATP, oxidation to mucie 
acid, reduction of the carboxyl group to yield p-galactose. On 
the other hand, reduction of the aldehydic group to an hexonic 
acid seemed to be the most likely first step in the metabolism of 
the hexuronic acid. Cell-free extracts prepared from EF. caroto- 
vora were able to catalyze the oxidation of DPNH and TPNH in 
the presence of either p-galacturonate or p-glucuronate but did 
not act upon D-mannuronate or L-iduronate; these oxidations 
were carried out by substrate-induced enzymes. When a prepa- 
ration from p-galacturonate-grown cells was used, DPNH re- 
acted faster with p-galacturonate than it did with p-glucuronate; 
when TPNH was the reductant, the reaction with p-glucuronate 
was faster than it was with p-galacturonate. This difference 
was less distinct with enzyme preparations from cells grown with 
p-glucuronate. The enzyme(s) which catalyzed the reduction 
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Fic. 2. Uroniec acid isomerase activity with p-galacturonate 
and 5-keto-L-galactonate. A. Formation of 5-keto-L-galactonate 
(O----O) from p-galacturonate. Reaction vessel contents: 
2.0 ml. of ‘‘d-s’”’ enzyme, 200 umoles of sodium galacturonate, 350 
umoles of Tris-HCl buffer, pH 7.2; final volume 10.0 ml. Samples 
were removed at various time intervals and deproteinized. The 
keturonic acid present in the supernatant solutions was deter- 
mined with carbazole. B. Disappearance of 5-keto-L-galactonate 
(O——O). Reaction vessel contents: 2.0 ml. of ‘‘d-s’” enzyme, 
40 umoles of 5-keto-L-galactonate, and 200 wmoles of Tris-HCl 
buffer, pH 7.2; final volume 8.0 ml. Samples were removed at 
various time intervals and deproteinized. The residual keturonic 
acid present in the supernatant solutions was determined with 
carbazole. 


of the uronates with DPNH or TPNH was tentatively named 
“uronic acid reductase.” 


Uronic Acid Isomerase 


Reduction Lag Period—The experimental findings revealed that 
E. carotovora possesses an enzyme which can isomerize p-galac- 
turonate to 5-keto-1-galactonate, and p-glucuronate to 5-keto-L- 
gulonate in the absence of any cofactor. The presence of an 
isomerase was suggested by the appearance of a lag period when 
the alduronic acids were acted upon by “uronic acid reductase” 
and reduced pyridine nucleotides. This lag could be eliminated 
by preincubating the substrate with “uronic acid reductase” 
before the addition of either of the reduced pyridine nucleotides 
(Fig. 1). No lag occurred, however, when 5-keto-1-galactonate 
was the substrate. Unfortunately, the keturonic analogue of 
D-giucuronate, 5-keto-1-gulonate, was not available at that time 
for a similar trial. 

Identification of Isomerase Product—The actual isomerization 
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Fic. 3. Orcinol spectrum. Formation of p-galacturonate from 
5-keto-L-galactonate by cell-free extracts of E. carotovora. The 
system contained 200 umoles of Tris-HCl buffer, pH 7.2; 40 umoles 
of 5-keto-L-galactonate; and 2.0 ml. of enzyme in a total volume 
of 8.0 ml. Samples were removed after 0, 15, and 60 minutes 
(Curves 1, 2, and 8, respectively). After dilution and removal of 
the protein by precipitation with trichloroacetic acid and centrifu- 
gation, an aliquot of each sample was allowed to react with or- 
cinol and the absorption spectrum determined with a Beckman 
model DK 2 recording spectrophotometer. 


of p-galacturonate to its keturonic analogue was first revealed 
during examination of the activity of cell-free extracts with 
5-keto-1-galactonate. With the use of the carbazole reaction, it 
could be shown that most of the keturonic acid disappeared when 
it was incubated with the enzyme (Fig. 2). 

The orcinol reaction was also used to follow the disappearance 
of the keturonic acid and the appearance of p-galacturonate. 
By incubating the enzyme with 5-keto-1-galactonate, it could 
be shown that the keturonic acid disappeared as another com- 
pound, presumably p-galacturonate, appeared. From Fig. 3, it 
will be noted that the peak at 542 my, typically given by au- 
thentic 5-keto-1-galactonate, disappeared completely whereas 
the peak at 670 my, characteristic of alduronic acids, increased. 
Since the endproduct of 5-keto-1-galactonate isomerization did 
not lactonize by boiling for 5 minutes in N HCl, it was tentatively 
concluded that the product formed was p-galacturonate. 

Chromatographic evidence served to substantiate the con- 
clusion that p-galacturonate is formed from 5-keto-1-galactonate. 
By spotting samples of a reaction mixture on Whatman No. 20 
filter paper and developing the chromatograms with a number 
of solvents, it was shown that the keto acid disappeared during 
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TABLE I 


R@* values of alduronic and keturonic acids 
and experimental compounds 














Solvent” 

1 2 3 
p-Glucose....... ere 1.00 1.00 1.00 

»-Galacturonic acid..... 0.96 0.39 0.7 
-Galacturonic acid’......... | 0.97 0.39 0.71 
o-Glucuronic acid.............. 1.04 | 0.42 0.70 
5 -Keto-i-galactonic acid.... 1.14 0.47 0.96 
5-Keto-i-galactonic acid?....... 1.14 0.46 0.96 
5-Keto-u-gulonic acid*’.......... 1.15 0.61 1.04 


@ Rg is relative to p-glucose = 1. 

>See “Experimental” section of text for solvent mixtures. 
Whatman No. 20 filter paper was used with all three solvents. 

¢ Isomerase product formed from 5-keto-L-galactonate. 

4 Tsomerase product formed from p-galacturonate. 

¢ Isomerase product formed from p-glucuronate; no reference 
sample of authentic 5-keto-L-gulonic acid was available. 




















WYN AA 7. 


Fic. 4. An outline drawing of the upper portion of a paper 
chromatogram. The experimental mixture contained the sodium 
borohydride reduction products (chromatographed as the lactones 
in Solvent 4) formed from a compound assumed to be 5-keto-t- 
gulonic acid. The mixture of p-mannonic and t-gulonic acids, 
expected upon the chemical reduction of 5-keto-L-gulonic acid, 
actually appeared. 
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the course of incubation and another compound appeared having 
the same migration rate as p-galacturonate (Table I). 

That the compound which is formed from the keto acid is 
indeed p-galacturonate has been shown by its ready converti- 
bility to mucic acid, the dicarboxylic acid corresponding to 
galacturonic acid. Since the equilibrium of the reaction (p- 
galacturonate <> 5-keto-1-galactonate) favors the formation of 
p-galacturonate, it was possible to prepare a quantity of this 
compound by action of the isomerase upon 5-keto-L-galactonate, 
This was accomplished by incubating 200 mg. of sodium 5-keto- 
t-galactonate, 800 umoles of Tris-HCl buffer, pH 7.2, and 5.0 
ml. purified enzyme (0.60 to 0.65 (NH4)2SO, fraction) in a final 
volume of 30.0 ml. When 60 per cent of the keturonic acid had 
disappeared as determined by the carbazole reaction, 5.0 ml. of 
50 per cent trichloroacetic were added to stop the reaction and to 
precipitate the protein which was removed by centrifugation. 
After passage through a small column of Dowex 50 (H*), the 
supernatant liquid was concentrated under reduced pressure to 
2.0 ml. Upon addition of an equal volume of concentrated 
nitric acid and after heating in a boiling water bath for 1 hour, 
the product was converted to mucic acid. Crystallization 
occurred at 4°. In the controls (without enzyme) only the 
sample containing galacturonic acid formed a crystalline pre- 
cipitate when treated as described; no precipitate formed in the 
control tube containing 5-keto-L-galactonic acid. The crystals 
in the experimental mixture were collected and washed several 
times with ethanol; yield 68 mg.; m.p., 213°; mixed m.p. with 
authentic mucic acid, 213-214°. 

Reversibility of Reactions and Stoichiometry—In order to 
demonstrate the formation of 5-keto-L-galactonate from p- 
galacturonate it is necessary to incubate the enzyme with a high 
concentration of p-galacturonate. A compound then appears 
which reacts with carbazole in a manner indistinguishable from 
authentic 5-keto-L-galactonate (Fig. 2). Several hundred yg. 
of the keto acid were prepared enzymatically from p-galacturo- 
nate with the use of the procedure described in the protocol 
accompanying Fig. 2; however, this experiment was on a much 
larger scale and purified enzyme (0.60 to 0.65 (NH4)2SO, frae- 
tion) was used. The keturonic acid prepared in this manner was 
purified by paper chromatography (Solvent 1). The band 
formed by the acid was located and visualized by spraying with 
alkaline silver nitrate a thin strip cut from the edge of each 
chromatogram. The corresponding materials on the unsprayed 
sheets were eluted with water, pooled, and condensed under 
Table I shows that the migration rates of the 
unknown keto acid and 5-keto-L-galactonic acid, with Solvents 
1, 2, and 3, were identical. 

The a-naphthoresorcinol reagent, which reacts with alduroniec 
acids but not with keturonic acids, was used to demonstrate 
the appearance of p-galacturonate from 5-keto-1L-galactonate. 
The disappearance of the keto acid was followed by its reaction 
with carbazole. 
preceding sections, 34 wg. of galacturonate were formed in 5 
minutes at 23° when 32 yg. of keto acid had disappeared. After 
10 minutes of incubation, when 50 yg. of 5-keto-L-galactonate 
had disappeared, 50 ug. of p-galacturonate were found. 

Purification and Properties of Uronic Acid Isomerase—Further 
purification of the “d-s’’ enzyme by (NH4,).SO, fractionation, 
showed that the precipitate formed at 0.60 to 0.65 saturation 
contained the highest isomerase activity, as determined by fol- 
lowing, with the carbazole reagent, the rate of formation of galac- 


reduced pressure. 


Under conditions similar to those described in 





Sept 


turo! 
foun 
0.50 
TI 
equa 
galac 
Th 
No a 
but a 
p-gal 
the 1 
On t 
cells” 
Ur 
p-glu 
poun 
eal 0 
could 
ig.T 
of E. 
comp 
the 1 
stopp 
isolat 
of 5-1 
taines 
Solve 
Sin 
it was 
chron 
forme 
hydri 
mann 
the id 
were 
proxil 
When 
leased 
remov 
tion a 
were 1 
shows 
compe 
hexon 
D-mal 
ketohi 
gulon: 


Ing 
and g 
preset 
cataly 
and a 
gulon: 
This « 
act w 
availa 
and 2. 

Ide 
carbon 








ing 


ion. 


> to 
ited 
our, 
tion 

the 
pre- 

the 
tals 
eral 
with 


to 
1 D- 
high 
ears 
from 
| pg. 
buro- 
tocol 
nuch 
frac- 
r was 
band 
with 
each 
‘ayed 
inder 
»f the 


vents 


ironic 
strate 
nate. 
uction 
yed in 
in 5 
After 
onate 


urther 
ation, 
ration 
by fol 
alac- 


September 1959 


turonate from 5-keto-1-galactonate. Essentially no activity was 
found in the 0 to 0.50 fraction, and only a small amount in the 
0.50 to 0.55 fraction. 

The isomerase does not have a sharp pH optimum, being 
equally active between pH 6.0 and 8.5. The K.q = 5-keto-1- 
galactonate /p-galacturonate = 0.28 at 25° and pH 7.0. 

This enzyme is also present in p-glucuronate-grown Erwinia. 
No attempt was made to purify the isomerase from these cells, 
but a comparison of the enzymatic activity in crude extracts from 
p-galacturonate- and p-glucuronate-grown cells indicated that 
the relative quantity per mg. of protein was nearly the same. 
On the same basis, the activity of this enzyme is much less in 
cells grown with glucose. 

Uronic Acid Isomerase Activity with p-Glucuronate—When 
p-glucuronate was incubated with the purified isomerase a com- 
pound appeared which reacted with carbazole in a manner typi- 
cal of a 5-ketohexonate. This suggested that the isomerase 
could also act upon p-glucuronate to produce 5-keto-L-gulonate 
(cf. Takagi et al. (8) and Ashwell et al. (7) for comparable action 
of E. coli enzymes). In order to aid in the identification of this 
compound several hundred mg. were prepared by incubation of 
the isomerase with p-glucuronate. After the reaction had 
stopped, as judged by the carbazole reaction, the product was 
isolated by paper chromatography as described for the isolation 
of 5-keto-L-galactonate. Table I shows the migration rates ob- 
tained when the purified compound was chromatographed with 
Solvents 1, 2, and 3. 

Since no reference sample of 5-keto-1-gulonate was available, 
it was not possible to identify the unknown keto acid directly by 
chromatography. If 5-keto-L-gulonate were the compound 
formed from glucuronate then, upon reduction with sodium boro- 
hydride, two compounds should be formed: t-gulonate and p- 
mannonate. The following experiment was performed to check 
the identity of the ketohexonic acid: 5 mg. of sodium borohydride 
were added slowly to a 2 ml. solution (pH 8.5) containing ap- 
proximately 1 mg. of the sodium salt of the keturonic acid. 
When the reaction was complete, excess borohydride was re- 
leased by adjusting the pH of the mixture to 4.0. Cations were 
removed with Dowex 50 (H*) and the residual borate by distilla- 
tion as the methyl ester. The products formed by this treatment 
were then chromatographed as the lactones in Solvent 4. Fig. 4 
shows an outline drawing of a chromatogram on which the two 
compounds resulting from the chemical reduction of the keto- 
hexonate were tentatively identified as t-gulono-y-lactone and 
D-mannono-y-lactone, thus substantiating the idea that the 
ketohexonate formed from p-glucuronate is indeed 5-keto-1- 
gulonate. 


Keturonic Acid Reductase 


In addition to the uronic acid isomerase found in galacturonate- 
and glucuronate-grown cells of Erwinia, there is also an enzyme 
present, provisionally named keturonic acid reductase, which 
catalyzes the rapid reduction of 5-keto-1-galactonate with DPNH 
and a slow reduction with TPNH (Fig. 5). When 5-keto-1- 
gulonate is the substrate, TPNH reacts faster than DPNH. 
This enzyme, together with either DPNH or TPNH, does not 
act upon p-galacturonate, p-glucuronate, nor upon the other 
available ketohexonates, 5-keto-p-gluconate, 2-keto-p-gluconate, 
and 2-keto-1-gulonate. 

Identification of Hexonic Acid—Because of the symmetry of 
carbon 5 of 5-keto-1-galactonate, either t-galactonate or p- 
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Fic. 5. The reduction of 5-keto-L-galactonate with DPNH and 
keturonic acid reductase from E. carotovora. Cuvette contents: 
4 wmoles of substrate (no substrate in endogenous); 100 umoles of 
Tris-HCl buffer, pH 7.2; 0.6 umole of DPNH; and 1.0 mg. of 
“‘d-s’’ enzyme; final volume, 3.0 ml. 


altronate, or both compounds, could arise from the enzymatic 
reduction of the keto acid. The hexonic acid resulting from 
reduction of 5-keto-1-galactonate was tentatively identified as 
p-altronate after converting it to the corresponding lactone. Ten 
umoles of 5-keto-L-galactonate, 12 to 15 ymoles of DPNH, 0.5 
ml. of enzyme, 200 ymoles of Tris-HCl buffer, pH 7.2, in a final 
volume of 2.0 ml. were incubated at room temperature for 1 
hour. After the incubation, the mixture was treated with Dowex 
50 (H+) and centrifuged. The supernatant solution was acidi- 
fied to pH 1 by the addition of HCl and then placed in a boiling 
water bath for 5 minutes. This treatment is sufficient to convert 
the free hexonic acid to the lactone. The lactone was purified 
by chromatography in Solvent 4 and then rechromatographed in 
several solvents to aid in establishing its identity. 

The rate of migration of this lactone in Solvent 3 was indis- 
tinguishable from that of either p-altrono-y-lactone or L-galac- 
tono-y-lactone. However, in Solvents 2 and 4 both the unknown 
lactone and the authentic p-altrono-y-lactone moved at the same 
rate, slightly in advance of 1t-galactono-y-lactone. This indi- 
vated that the unknown lactone was not L-galactono-y-lactone 
and increased the likelihood that it was p-altrono-y-lactone. 
The identity of p-altronate was further substantiated by identi- 
fying the pentose which was formed after the decarboxylation 
(Ruff degradation) of the hexonate. 

The Ruff degradation (21) of hexonates consists of an iron- 
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catalyzed decarboxylation of the calcium salts; i.e. the decar- 
boxylation of calcium p-altronate would give rise to p-ribose 
and calcium 1-galactonate would yield L-lyxose. Several mg. 
of the hexonic acid were prepared from 5-keto-1-galactonate by 
coupling the reaction with the glucose 6-phosphate dehydrogen- 
ase system also present in cell free extracts. 5-Keto-1-galacto- 
nate, 1.0 mmole, 1.2 mmoles of glucose 6-phosphate, 10 mg. 
of TPN, 75 umoles of phosphate buffer, pH 7.8, 5.0 ml. of en- 
zyme (0 to 0.50 (NH,)2SOx fraction of “‘d-s” enzyme) in a total 
volume of 30 ml. were incubated at room temperature until the 
reaction had stopped. Protein was removed by the addition of 
trichloroacetic acid and the resulting supernatant solution con- 
densed under reduced pressure to a syrup. After the hexonic 
acid was lactonized by several additions of butanol, followed by 
evaporation, the syrup was diluted with water and the resulting 


TaBLeE II 


Rr values of hexono-y-lactones and enzymatically produced 
D-mannono-y-lactone (‘‘experimental lactone’’) 

















Solvents? 
2 3 4 

EE ee ene ae 0.61 0.20 | 0.22 
NN 55 sche oo td a vig spose 0.63 0.24 0.26 
Experimental lactone.......... | 0.63 0.24 0.26 
u-Galactono-................... | 0.68 0.28 
sc sisischaneine'ko wins | 0.71 0.27 

a 0.72 0.30 0.34 





*See “‘Experimental’”’ section of text for solvent mixtures. 
Whatman No. 1 filter paper was used with all three solvents. 
























0.9- 
0.8 O-altronate + ppn* 
a 
EO.7+ 
°o 
t 
- 
| O.6F- 
> 
“4 
g + 
= 0.55 D-mannonate + TPN 
f=) 
| 
az 0.4F 
° 
o 
0.3 
- -mannonate + pPpN* 
~—_ D-altronate + Tent 
+ + 
0.1 OPN’ and TPN endogenous 
i l 1 1L L 1 L 1 
° 2 4 6 8 10 12 14 16 
MINUTES 


Fig. 6. Oxidation of hexonates by keturonic acid reductase 
from £. carotovora with di- and triphosphopyridine nucleotides. 
Cuvette contents: 20 umoles of substrate (no substrate in endoge- 
nous); 6 ymoles of DPN or TPN; 0.2 mg. of ‘‘d-s’’ enzyme, 0.50 
to 0.55 (NH4)2SO, fraction; 180 wmoles of Tris-HCl buffer, pH 8.0; 
final volume, 3.0 ml. 
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solution passed through columns of Dowex 50 (H+) and Dowex 
2 (formate) respectively. The hexono-lactone was further puri- 
fied by chromatography in Solvent 4. Crystalline calcium 
hexonate was prepared from the lactone which was eluted from 
the chromatograms. The calcium salt was used for the Ruff 
degradation. The degradation product was reducing, did not 
lactonize, and gave a positive orcinol test for aldopentose. When 
the product was chromatographed in Solvent 4, the migration 
rate (Rr = 0.27) was identical with that of p-ribose (the pentose 
expected after decarboxylation of p-altronate) and not like that 
of t-lyxose (Rr = 0.24). 

Stoichiometry—The stoichiometry of the reaction, 5-keto-1- 
galactonate + DPNH + H+ — p-altronate + DPN*, was 
easily established by determining the disappearance of the 
keturonic acid with carbazole and the appearance of the hexonate 
as the lactone. In a reaction mixture containing keturonic acid, 
DPNH, buffer, and reductase, it was found that after 60 minutes 
of incubation, 1.1 wmoles of 5-keto-L-galactonate disappeared 
and 1.2 wmoles of hexonate (calculated as p-altrono-y-lactone) 
appeared. 

Reductase Activity with Enzymatically Prepared 5-Keto-t-gulo- 
nate and Identification of Product—The partially purified fraction 
which catalyzes the reduction of 5-keto-1-galactonate with 
DPNH or TPNH can also act upon 5-keto-1-gulonate. When 
5-keto-t-gulonate is the substrate, TPNH reacts faster than 
DPNH. 

Several mg. of the hexonate formed after 5-keto-L-gulonate 
reduction, were prepared for identification purposes. The isola- 
tion methods and incubation mixture were essentially the same 
as described for the formation of p-altronate except that 5-keto- 
L-gulonate was prepared enzymatically from glucuronate with 
the purified uronic acid isomerase. 

Either t-gulonate or p-mannonate could arise from the en- 
zymatic reduction of 5-keto-1-gulonate with DPNH or TPNH. 
However, the compound formed is actually p-mannonate (identi- 
fied as the lactone) and not t-gulonate, as previously suggested; 
this has been shown by paper chromatography in three different 
solvent systems (Table II). 

Reversibility of Reductions and pH Optimum—That the com- 
pounds formed upon the enzymatic reduction of the keturonates 
are actually the p-hexonates and not the L-hexonates is sub- 
stantiated by the fact that reverse reactions have been demon- 
strated with the p-hexonates but not with the t-hexonates. 
When purified keturonic acid reductase is incubated with high 
concentrations of either of the p-hexonates and DPN or TPN, 
a reduction of the pyridine nucleotides occurs (Fig. 6); no such 
reduction is evident with the L-hexonates. 

The pH optimum of the reductase was found to be between 
7.2 and 7.8 when determined with 5-keto-1-galactonate and 
DPNH. The activity drops sharply on either side of this peak. 

Purification of Keturonic Acid Reductase and Separation from 
Uronic Acid Isomerase—The keturonic reductase has been puri- 
fied 10-fold by ammonium sulfate precipitation and DEAE- 
cellulose column chromatography. Ammonium sulfate fractions 
were prepared and the activity per mg. of protein of each of these 


fractions with reduced pyridine nucleotides and 5-keto-1-galac- | 


tonate was determined by measuring the decrease in absorption 
at 340 mu. The 0.50 to 0.55 (NH4)SO, fraction showed the 
greatest reductase activity with both DPNH and TPNH; how- 
ever, some activity was also present in the 0.55 to 0.60 and 
0.60 to 0.65 fractions. This clearly indicated that the 0.60 to 
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0.65 (NH4) SO, fraction, shown separately to contain the bulk of 
the uronic acid isomerase, contained some keturonic reductase; 
and these two enzymes could well account for the “uronic acid 
reductase”’ first revealed in the preliminary phase of this in- 
vestigation. 

In order to establish that the activity of the 0.60 to 0.65 
(NH,)2SO, fraction with the alduronates and reduced pyridine 
nucleotides was an isomerization followed by a reduction, and 
not due to a single enzyme catalyzing the direct reduction of 
the alduronates, it was necessary to remove the contaminating 
keturonic reductase from the isomerase in this fraction. Sev- 
eral attempts with starch electrophoresis at various pH values 
failed to show any separation of these two enzymes. 

The contaminating keturonic reductase was eventually sepa- 
rated from the isomerase by absorbing both enzymes on a 
column of DEAE-cellulose followed by elution with 1.0 to 2.0 
per cent NaCl. One ml. of the 0.60 to 0.65 (NH4).SO, fraction 
was absorbed on the column and elution was begun by washing 
the column with 0.05 m Tris-HCl buffer, pH 7.2, containing 1.0 
per cent NaCl. Ten 2.0-ml. fractions were collected. This was 
followed by washing the column with 0.05 m Tris-HCl buffer, 
pH 7.2, containing 2.0 per cent NaCl and collecting ten more 
2.0-ml. fractions. All the isomerase activity was found to be in 
Tubes 3, 4, and 5 and the keturonic reductase activity in Tubes 
12, 13, and 14. No fraction contained any activity with the 
alduronates and reduced pyridine nucleotides. Therefore, it is 
clear from these data that the ‘‘uronic acid reductase”’ is in fact 
two enzymes, a uronic acid isomerase and a keturonic 
reductase. 


acid 


Further Catabolism of p-Hexonates 


The subsequent steps in the catabolism of p-altronate and 
p-mannonate by Erwinia are apparently identical to those de- 
scribed by Ashwell’s group (7, 22) for E. coli acting on these 
hexonates, and by Entner and Doudoroff (23) and MacGee and 
Doudoroff (24) for Pseudomonas acting on p-gluconate. The 
nondialyzed Spinco supernatant fluid ef Erwinia extracts (“‘s” 
enzyme) can act upon p-altronate and p-mannonate forming a 
compound which seems to be identical to 2-keto-3-deoxy-p- 
gluconate. A typical reaction mixture contained: 40 umoles of 
substrate (p-altronate or p-mannonate); 20 umoles of cysteine; 
20 umoles of MgCl2; 100 umoles of Tris-HCl buffer, pH 7.2; 
1.0 ml. of “‘s” enzyme, in a total volume of 4.0 ml. Samples 
were removed at various time intervals and the protein separated 
by the addition of HCl followed by centrifugation. The residual 
hexonic acid in the supernatant solution was determined after 
conversion to its lactone. After 60 minutes of incubation, in a 
number of replicate experiments, approximately 50 to 60 per cent 
of p-altronate and p-mannonate always disappeared. These 
extracts did not act upon p-gluconate. The disappearance of 
pD-altronate and p-mannonate is accompanied by the formation 
of a compound which on paper chromatograms (Solvent 6) has a 
migration rate identical to that of authentic 2-keto-3-deoxy-p- 
gluconic acid. Furthermore, this compound produces the same 
color as the authentic material when sprayed with o-phenylene- 
diamine (25). 

The “‘s” enzyme in the presence of excess ATP rapidly decom- 
poses 2-keto-3-deoxy-p-gluconate to a mixture of p-glyceralde- 
hyde 3-phosphate and pyruvate. In a mixture which contained 
initially 0.4 umole of 2-keto-3-deoxy-p-gluconate, 0.34 umole of 
pyruvate was formed. Evidence was obtained that the other 
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product of cleavage was p-glyceraldehyde 3-phosphate, since 
DPN was reduced by the enzyme preparations in the presence 
of arsenate and cysteine (26), but not in the absence of these 
additional substances. 2-Keto-3-deoxy-p-gluconate was not 
cleaved in the absence of added ATP, suggesting that a prior 
phosphorylation of this compound is necessary. 

Further evidence was obtained to support the conclusion that 
2-keto-3-deoxy-6-phosphogluconate is the immediate precursor 
of pyruvate and triose phosphate. ‘‘s’’ enzyme acts upon 2- 
keto-3-deoxy-6-phosphogluconate to yield equimolar quantities of 
the triose phosphate (0.53 umole) and pyruvate (0.59 umole); 
the triose phosphate was measured as alkali labile phosphorus 
(27) and the pyruvate with crystalline lactic dehydrogenase. 


DISCUSSION 


It is apparent from this study that the initial steps in the 
catabolism of either p-galacturonate or p-glucuronate by E. 
carotovora are isomerization to the keturonic analogue followed 
by reduction to the corresponding p-hexonic acid. This con- 
clusion stems from a thorough examination of the “uronic acid 
reductase” first demonstrated in cell-free extracts of Erwinia 
and Aerobacter during the preliminary phase (3) of this investiga- 
tion. A direct reduction of the aldehydic group of either p- 
galacturonate or p-glucuronate would, of course, yield t-galacto- 
nate and t-gulonate, respectively. However, as a result of 
purification of the extracts and a more positive identification of 
the products, it is now shown that “uronic acid reductase” is 
actually two enzymes, a uronic acid isomerase and a keturonic 
acid reductase, and that the products of isomerization and re- 
duction of galacturonate and glucuronate are p-altronate and 
p-mannonate, respectively. 

That the initial step in the catabolism of uronates by Entero- 
bacteriaceae is indeed an isomerization is now clear from the 
independent work of several groups (8, 28, 29, 30) which shows 
that E. coli, Serratia marcescens, Shigella flexneri, and Aerobacter 
aerogenes also possess uronic isomerase. McRorie et al. (29, 30) 
state that the product resulting from enzymatic reduction of 
5-keto-1-gulonate is Lt-gulonate; however, they may have made 
the same error we made earlier (3) in identifying the hexonate as 
L-gulonate rather than p-mannonate. McRorie and Novelli (31) 
have indicated that Aerobacter aerogenes may metabolize glucu- 
ronate to dihydroxyacetone phosphate and tartronic semial- 
dehyde via 5-keto-L-gulonate-l-phosphate. Notwithstanding 
these discrepancies, the latest note from Ashwell’s group (7), 
which appeared as this report was readied for press, shows that 
E. coli metabolizes hexuronates to p-hexonates; this is in com- 
plete agreement with the results reported here for Erwinia. In 
addition, they found that FE. coli can convert the p-hexonates to 
2-keto-3-deoxy-gluconate and that this compound is converted 
to pyruvate and triose phosphate in the presence of ATP. A 
similar system exists in Erwinia, and the role of the ATP has 
been clarified as necessary for the phosphorylation of 2-keto-3- 
deoxy-gluconate; hence, in Erwinia, as in E. coli (22), 2-keto-3- 
deoxy-6-phosphogluconate is the immediate precursor of pyru- 
vate and triose phosphate (Fig. 7). 

Apparently, the Erwinia-Escherichia uronate-metabolizing sys- 
tem differs from those described in plants and animals. In 
plants, methyl p-galacturonate is converted to L-galactono-y- 
lactone (32); and in animal tissues the uronic acids are the pre- 
cursors of L-xylulose (33, 34). The 1-xylulose-xylitol-p-xylulose 
interconversion which is also involved in the catabolism of 
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COOH CHO CH, OH CH2 OH 

D- galacturonic acid 5-keto-L- D-altronic acid 
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D-gluconic acid 


2- keto- 3-deoxy-6—- 
phospho-D-gluconic 
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pyruvic acid + 
glyceraldehyde- 
3- phosphate 


Fia. 7. The sequence of initial enzymatic steps involved in the catabolism of p-galacturonic and p-glucuronic acids by cell-free ex- 


tracts of E. carotovora. 


uronates by animal tissues (35, 36) was not evident in the soluble 
extracts of EF. carotovora. Preliminary studies indicated the 
presence of p-xylulo-kinase and weak p-xylulo-reductase activi- 
ties; the other enzymes which are required for the xylulose portion 
of the animal uronate pathway were not found in soluble ex- 
tracts of EL. carotovora. 

In addition, no evidence was obtained in this study with E. 
carotovora to indicate any interconversion of galacturonate and 
glucuronate through a uridine diphosphate-linked coenzyme. 
Suda and Watanabe (12) have reported that extracts of #. coli 
can convert glucuronate to galacturonate and the latter to 5- 
keto-1-galactonate; likewise, Asai and Nasumo (37) have ob- 
tained similar results with Pseudomonas ovalis. Unfortunately, 
the identification of these compounds by both groups has been 
incomplete. Perhaps the compound identified by them as 5- 
keto-L-galactonate is actually 5-keto-1-gulonate since the starting 
material was p-glucuronate. 

The entirely different system recently discovered by us (38, 39) 
in the phytopathogen, Pseudomonas syringae, does not occur in 
E. carotovora. In that pathway, galacturonate and glucuronate 
are oxidized by DPN to mucate and glucarate, respectively. 


SUMMARY 


The initial step in the catabolism of both p-galacturonate and 
p-glucuronate by Erwinia carotovora is an isomerization to the 
keturonic analogue. The enzyme(s) responsible for this step, 
provisionally named uronic acid isomerase, has been purified. 


It can act upon either alduronic acid to form the corresponding 
keturonic acid; i.e. p-galacturonate is isomerized to 5-keto-1- 
galactonate, and p-glucuronate to 5-keto-1-gulonate. 

The equilibrium constant for the isomerization of galacturo- 
nate was found to be 0.28. There is no sharp pH optimum for 
this enzyme. 

The keturonic acids formed by the isomerase from the alduro- 
nates are reduced with either reduced diphosphopyridine or 
triphosphopyridine nucleotide by keturonic acid reductase. p- 
Altronate has been identified as the product formed after the 
enzymatic reduction of 5-keto-t-galactonate with either reduced 


diphosphopyridine or triphosphopyridine nucleotide and p-man- | 


nonate after the reduction of 5-keto-L-gulonate. The pH opti- 


mum for this enzyme was found to be between 7.2 and 7.8 when | 


determined with 5-keto-L-galactonate and reduced diphospho- 
pyridine nucleotide. 

Both enzymes, uronic acid isomerase and keturonic acid re- 
ductase, are present in either p-galacturonate- and p-glucuronate- 
grown Erwinia. The quantity of these enzymes is, however, 
much less in cells grown with glucose. 

p-Altronate and p-mannonate are dehydrated to form the same 
compound, 2-keto-3-deoxy-p-gluconate. This intermediate is 
then phosphorylated with adenosine triphosphate to form 2-keto- 
3-deoxy-6-phosphogluconate which is cleaved to yield pyruvate 
and triose phosphate, thus linking the metabolism of galacturo- 
nate and glucuronate to the glycolytic cycle at the triose level. 
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The enzymatic degradation of chondroitin sulfuric acid can be 
catalyzed by purified bovine testicular hyaluronidase (1, 2) and 
by an enzyme preparation from Flavobacterium heparinum (3). 
Dodgson and Lloyd (4) obtained a chondroitinase from Proteus 
vulgaris that converted chondroitin sulfuric acid to the disac- 
charide, N-acetylchondrosin sulfate. Previous work from this 
laboratory (5) has confirmed and extended the observations of 
Dodgson and Lloyd. In these studies two disaccharides were 
isolated from the enzyme reaction and identified as N-acetyl- 
chondrosin and N-acetylchondrosin sulfate (5). Studies on the 
purification and properties of the Proteus vulgaris chondroitinase 
are presented in this report. 


EXPERIMENTAL 


Materials and Analytical Procedures—The potassium salt of 
chondroitin sulfate was prepared according to the procedure of 
Einbinder and Schubert (6) with the use of crude chondroitin 
sulfuric acid purchased from General Biochemicals, Inc., as the 
starting material. The purified preparation had an optical ro- 
tation of [a]? —21.4° (c = 2.2; water) and an elemental analysis 
of N, 2.7 per cent; C, 13.75 per cent; H, 4.03 per cent; S, 5.21 
per cent; and K, 13.75 per cent. Galactosamine-HCl was pre- 
pared by acid hydrolysis of crude chondroitin sulfuric acid and 
purified by a large scale modification of the chromatographic 
method of Gardell (7). This material had an optical rotation of 
[a]? 95.5° (c = 2; water) and an elemental analysis of N, 6.56 
per cent; C, 33.7 per cent; H, 6.80 per cent. N-Acetylgalac- 
tosamine was prepared by the method of Roseman and Ludoweig 
(8) and had a melting point of 174-175°. The 2,4-dinitrophenol 
derivative had a melting point of 184—185° (corrected). Heparin 
(123 units per mg.) was obtained from the Southern California 
Gland Company, Los Angeles, California. A generous gift of 
blood group substance derived from hog gastric mucosa was sup- 
plied by Dr. H. Baer, Tulane University. 

N-Acetylgalactosamine determinations were run with crystal- 
line N-acetylgalactosamine as the standard in accordance with 
the procedure of Reissig et al. (9). Paper chromatography was 
carried out by the descending technique with butanol-acetic 
acid-water (44:16:40) as the solvent mixture which proved to be 
suitable for separation of the products formed during chondroitin 
sulfate depolymerization. The papers were developed by the 
method of Partridge (10) for N-acetylhexosamines. Duplicate 
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papers were dipped in an Azure A stain for identification of sul- 
fated compounds. 

In all cases the enzymatic activity was stopped by immersing 
aliquots of the reaction mixtures in a 65° water bath for 5 minutes, } 
Preliminary experiments showed that no increase in N-acetyl- 
galactosamine color occurred when the enzyme preparation was 
incubated with chondroitin sulfuric acid under these conditions, | 
Other experimental conditions are described in the legends of the 
tables and in the text. 

RESULTS 

Purification of Enzyme—Two grams of lyophilized P. vulgaris 
which had been grown for 48 hours with forced aeration on nu- 
trient broth containing 0.1 per cent chondroitin sulfuric acid (5) | 
were ground in the frozen state in a mortar with 3.5 gm. of 
powdered glass and 4 ml. of 0.01 m phosphate buffer, pH 7.0. 
The resulting mass was extracted for 1 hour with 60 ml. of cold 
0.01 m phosphate buffer, pH 7.0. The suspension was centri- 
fuged at 18,000 x g for 1 hour at 4° and the supernatant fluid 
retained. 

All ammonium sulfate precipitations were carried out by the 
slow (about 30 minutes) addition of the dry salt to the cold, 
stirred enzyme preparations. The fraction precipitating between | 
20 to 80 per cent saturation was dissolved in 60 ml. of 0.001 x 
phosphate buffer, pH 7.0. After the addition of 0.05 part of 1.0 
M manganous chloride, the solution was dialyzed against distilled | 
water until the dialysate showed less than 3 wg. of ammonia per 
ml. as determined by nesslerization. The dialyzed enzyme prep- 
aration was clarified by centrifugation and again fractionated 
with ammonium sulfate. The protein fraction that precipitated 
between 40 to 60 per cent saturation contained the chondroitinase 
activity and was stable for at least 6 months when stored at 
—15°. 

Calcium phosphate gel, washed four times with distilled water 
before use, was added to 60 ml. of the (40 to 60 per cent satura- 
tion) fraction to a gel to protein ratio of 0.3 and the protein was | 
allowed to adsorb on the gel for 10 minutes in the cold. After 
centrifugation the gel was resuspended in 60 ml. of 0.01 m phos 
phate buffer, pH 8.0, for 20 minutes. The mixture was centrifu- 
gated and the supernatant fluid was discarded. Elution of 
chondroitinase from the gel was carried out with 30 ml. of 2 ™ 
sodium acetate solution pH 7.6 for 12 hours in the cold with oc- 
casional stirring. The gel eluates were dialyzed for 4 hours 
against 6 1. of distilled water which was changed hourly. The 
clear solution was stored at —15° in 2-ml. aliquots. A summary 
of this procedure given in Table I shows that the enzyme was 
purified approximately 42-fold. The purified chondroitinase 
was not entirely free from chondrosulfatase and was capable of 
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TABLE I 
Comparison of activity of crude and purified enzyme 
toward chondroitin sulfate 
Assay system consisted of 0.1 ml. of enzyme preparation, 3.64 
mg. of chondroitin sulfate, 0.25 ml. of 0.2 m sodium acetate buffer, 
pH 7.5, in total volume of 1.0 ml. Incubated 20 minutes at room 
temperature. 


le = 
Se | Bis OE | cet eat 
Units of activity/ml. enzyme* 224 132 173 
Volume 60 60 30 
Total units 13,440 7,920 5,190 
Mg. protein/ml. 22 0.8 | 0.4 
Units/mg. protein. . 10.2 16.5 432 


*A unit of activity is defined as the micrograms of N-acetyl- 
galactosamine equivalents liberated per minute. 








degrading both hyaluronic acid and chondroitin sulfuric acid. 
There was little difference in enzyme activity against chondroitin 
sulfuric acid when acetate, tris(hydroxymethyl)aminomethane, 
or tris(hydroxymethy])aminomethane-maleate buffers were used. 
A slightly slower rate was found with phosphate buffer. 

Effect of pH and Specificity of Enzyme—Fig. 1 shows the effect 
of pH on the rate of degradation of chondroitin sulfate and hy- 
aluronate by the purified chondroitinase preparation. The opti- 
mum rate against chondroitin sulfate was approximately pH 8.0 
and against hyaluronate was about 6.7 to 6.8. The relative rates 
of degradation of the two substrates at various pH values are 
alsoshown. At the optimum pH for both substrates, chondroitin 
sulfate was degraded approximately 6 times faster than hyalu- 
ronate. This ratio of activity between the two substrates re- 
mained constant throughout the purification procedure. There- 
fore, the question of a separate enzyme for the two activities or a 
single enzyme that degrades both hyaluronate and chondroitin 
sulfate has not been resolved. If a single enzyme acts on both 
polymers, then it can be surmised that the difference in pH op- 
tima for the two polysaccharides might possibly be due to the 
maintenance of the substrates in the proper ionic state for en- 
zyme action, rather than a pH effect on the enzyme itself. The 
enzyme preparation was not able to degrade blood group sub- 
stance from hog gastric mucosa or heparin as measured by the 
Somogyi-Nelson determination for reducing sugars (11). 

Effect of Substrate and Enzyme Concentration—The rate of 
chondroitin sulfuric acid degradation was studied as 
of chondroitin sulfuric acid (Fig. 2) and enzyme (Fig. 
tration. 





a function 
3) concen- 
Although it is not shown in Fig. 2, increasing the chon- 
droitin sulfuric acid concentration above 12 mg. per ml. to 40 
mg. per ml. did not show an increase in rate of depolymerization, 
nor was any inhibition of enzyme activity observed at this high 
substrate concentration. From Fig. 3, note that increasing the 
concentration of enzyme produces an increase in reaction rate as 
measured by the production of N-acetylgalactosamine equiva- 
lents from chondroitin sulfuric acid. 

Effect of Temperature—The optimum temperature for chon- 
droitinase activity was found to be approximately 38° (Fig. 4). 
In these experiments the reaction mixtures were preincubated at 
the respective temperatures for 5 minutes before the addition of 
0.1 ml. of enzyme solution. Above this optimum temperature 
there is a very rapid drop in enzyme activity, only 50 per cent of 
total activity remaining at 43°. These results differ from those 
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Fic. 1. Effect of pH on rate of depolymerization of chondroitin 
sulfate and hyaluronate. Reaction mixtures contained: 1 mg. of 
chondroitin sulfate or hyaluronate; 0.15 ml. of tris(hydroxy- 
methyl)aminomethane-HCl or tris(hydroxymethyl)aminometh- 
ane-maleate buffers (0.25 Mm); 0.2 ml. of enzyme (50 ug. of protein); 
total volume 0.5 ml. Incubated 45 minutes at room temperature. 
pH measured before and after incubation. 
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Fig. 2. Effect of chondroitin sulfate concentration. Reaction 
mixtures contained: chondroitin sulfate in amounts indicated; 
0.15 ml. of tris(hydroxymethyl)aminomethane-HCl buffer (pH 
8.0, 0.25 mM); 0.2 ml. of enzyme (50 yg. of protein); H.O to total 
volume of 0.65 ml. Incubated 45 minutes at room temperature. 


obtained by Korn (3) who used acetone powder extracts from 
F. heparinum. The preparation reported by Korn had an opti 
mum temperature of 45° for chondroitin sulfuric acid degrada- 
tion, whereas the chondroitinase from P. vulgaris has little or no 
activity at this temperature. 
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| 
TaBLe II | 
2 Effect of ions on chondroitinase activity 
=] Reaction mixture contained 0.08 ml. of enzyme (32 ug. of pro- 
4 -O.8 tein), 4 mg. of chondroitin sulfate, 0.25 ml. of tris(hydroxymethy]). 
aminomethane-HCl (pH 8.0; 0.1 m), and the additions on the table 
om in a total volume of 1.0 ml. Reaction time was for 20 minutes at 
Cc E -0.6 room temperature. 
m ~N N-Acetylga- 
° . Addition Concentration pr es Inhibition 
duced 
re) -O.4 proc | 
-& ° : — _} 
qo= M mg./ml. % 
S None 0.24 
o -O.2 CuSO, 10-3 0.05 79.2 
+ CuSO, 5 Xx 10°! 0.08 66.7 
z= ZnSO, 10-8 0 100 
7 20 40 60 80 ZnCl, 10-3 0 100 
: ZnCl, 10-4 0.05 79.2 
Jimi. , . ~~ ee 
<= Protein (ygm./ml.) ZnCl. 10-8 0.24 0 
Fig. 3. Effect of enzyme concentration on rate of chondroitin MnCl, 10° 0.17 29.2 | 
sulfate degradation. Reaction mixtures contained: 3.47 mg. of | CoCl» 10-8 0.16 33.3 
chondroitin sulfate; 0.25 ml. of tris(hydroxymethyl)aminometh- 4 
ane-HCl buffer (pH 8.0, 0.05 m); enzyme in amounts indicated; - 
total volume 1.0 ml. Incubated 20 minutes at room temperature. Taste III 
Inhibition of chondroitinase action by heparin 
Reaction mixture contained 0.1 ml. of the purified enzyme (3 | 
r100 ug. of protein), 0.25 ml. of tris(hydroxymethyl)aminomethane. | 
HCl buffer pH 8.0; 0.1 mM, and the indicated concentrations of | 
chondroitin sulfate and heparin in a total volume of 1.0 ml. In- 
~ cubated for 25 minutes at room temperature. 
- ’ ii a 
S : ses N-Acetylgalactos- 
2 ——— Heparin amine equivalents Inhibition 
_ - 75 : produced 
mg. mg. meg./ml. a 
4 0 0.44 
4 1 0.17 61.4 
4 2 0.11 75 
+50 4 4 0.08 81.8 


% of Maximum Act 
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50° 





10 20° 30° 40° 
Temperature 


Fig. 4. Effect of temperature on chondroitinase activity. Re- 
action mixtures contained: 3.47 mg. of chondroitin sulfate; 0.25 
ml. of tris(hydroxymethyl)aminomethane-HCl buffer (pH 8.0, 
0.05 m); 0.1 ml. of enzyme (40 ug. of protein); total volume 1.0 
ml. Incubated 20 minutes at indicated water bath temperatures. 


Effect of Ions on Chondroitinase Activity—A study was made to 
determine if the enzyme had a requirement for ions or whether 
certain ions elicited an inhibition of enzymatic activity. The re- 
sults of these experiments are presented in Table II. Zine and 
copper were found to inhibit the rate of depolymerization of 
chondroitin sulfuric acid by the enzyme as measured by N-ace- 
tylgalactosamine equivalents production. From the fact that 
ZnSO, and ZnCl, inhibited identically at the same molar con- 


——— 


centrations, it can be surmised that the sulfate ion, per se, does 
not account for the observed inhibitions with cupric and zine 
salts. At present it is not clear whether these inhibitions by 
Zn** and Cu*+ are effects on the enzyme or on the mucopolysac- 
charide, a molecule which has great avidity for ion binding. | 
The following compounds at 10-* m were found to produce no 
measurable effect on the rate of the reaction: NH,Cl, MgCl, | 
NaSeO., NaF, NasAsO;. Ethylendiaminetetraacetate at 0.1 
mg. per ml. had no effect on the rate of reaction. ; 
Inhibition of Chondroitinase by Heparin—When equivalent | 
amounts of chondroitin sulfate and heparin were incubated with 
the purified enzyme, approximately an 80 per cent inhibition in | 
the production of N-acetylgalactosamine equivalents was ob- | 
served (Table III). Decreasing the heparin concentration or it- 
creasing the chondroitin sulfate concentration lowered the in- 
hibition. These results again point to the differences in the | 
cnzymatic properties between the chondroitinase of P. vulgaris | 
and the preparations which Korn (3) obtained from F’. heparinum. 
The latter preparations depolymerize heparin in addition t 
chondroitin sulfate and hyaluronic acid. } 
Extent of Depolymerization of Chondroitin Sulfuric Acid ané 
Product of Chondroitinase Action—The extent of degradation 0 
chondroitin sulfuric acid by chondroitinase preparations was de- 
termined by prolonging the incubation time until a plateau was 
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reached and maintained in N-acetylgalactosamine equivalents 
production. Recoveries of N-acetylgalactosamine equivalents 
in the order of 90 per cent of theoretical have been observed with 
the purified enzyme (Fig. 5). At the end of the incubation 
period, the mole ratio of glucuronic acid to reactive acetylhexosa- 
mine was 1:1.07. A similar experiment was run with testicular 
hyaluronidase to degrade chondroitin sulfuric acid. A plateau 
was attained when acetylgalactosamine equivalents production 
was 45 per cent of theory and the mole ratio of glucuronic acid 
to reactive acetylhexosamines at the termination of the reaction 
was 2:1. These data confirm the production of a disaccharide 
as the end product of chondroitinase action (5) and the produc- 
tion of tetrasaccharides as the end product of the hyaluronidase 
catalyzed degradation of chondroitin sulfate (12). The final 
product of chondroitin sulfate depolymerization by the purified 
enzyme appears to be N-acetylchondrosin sulfate. This was 
determined by cochromatographing aliquots of the chondroitin 
sulfuric acid reaction mixture during the course of the reaction 
with .\V-acetylchondrosin sulfate prepared as previously described 
(5). Similar results have been reported by Dodgson and Lloyd 
(4). In addition to N-acetylchondrosin sulfate, small amounts 
of V-acetylchondrosin were detected with some enzyme prepara- 
tions at the completion of the reaction. In these experiments 
V-acetylchondrosin was only detectable after 2 hours of incuba- 
tion, whereas N-acetylchondrosin sulfate was detected as early 
as | hour of incubation. Neither disaccharide was detected after 
15 and 30 minutes of incubation of the reaction mixture. In- 
stead compounds giving a positive reaction for acetylhexosamine 
and sulfate but possessing lower mobilities than the sulfated and 
nonsulfated disaccharides were detected. If it is assumed that 
these compounds appearing early in the reaction are oligosac- 
charides, then it could be postulated that chondroitinase is simi- 
lar to hyaluronidase (13) in its action. That is, the enzyme ap- 
parently hydrolyzes random acetylhexosaminiside bonds along 
the polymer chain. Chondroitinase differs from hyaluronidase 
in that the products of the reaction were found to be disaccharides 
and not tetrasaccharides. Whether or not chondroitinase acts 
by a transglycosylating mechanism as has been postulated for 
hyaluronidase, remains to be investigated (14). 


SUMMARY 


1. The enzyme, chondroitinase, has been purified approxi- 
mately 43-fold from an extract of lyophilized Proteus vulgaris. 


R. J. Martinez, J. B. Wolfe, and H. I. Nakada 
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Fig. 5. Rate and extent of chondroitinase action. Reaction 
mixture contained: 3.64 mg. of chondroitin sulfate; 0.1 ml. of 
enzyme (23 wg. of protein) ; 0.25 ml. of tris(hydroxymethyl)amino- 
methane-HCl buffer (pH 8.0; 0.05 Mm); total volume 1.0 ml. Incu- 
bated at room temperature. Samples (0.01 ml.) removed at indi- 
cated times for assay of acetylhexosamine release. 


2. This enzyme degraded chondroitin sulfate and hyaluronic 
acid but did not degrade heparin or blood group substance de- 
rived from hog gastric mucosa. 

3. Chondroitin sulfate is degraded approximately 6 times faster 
than hyaluronic acid with the pH optimum of degradation for the 
former substrate being about 8.0 and the latter substrate 6.7 to 
6.8. 

4. Heparin was inhibitory to chondroitin sulfate depolymeriza- 
tion by the enzyme as were several heavy metals. 

5. The temperature optimum was about 38°, with a rapid drop 
in activity at higher temperatures. The equilibrium of the reac- 
tion appears to lie in the direction of complete chondroitin sul- 
fate degradation. 

6. The primary product of depolymerization may be sulfated 
oligosaccharides, which are further degraded to acetylchondrosin 
sulfate. 
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Ingested fatty acids are transported in lymph in the form of 
very low density, high molecular weight lipoproteins (1, 2). 
These lipoproteins are degraded after their entrance into the 
blood stream, and it is believed that the hydrolysis of the tri- 
glyceride components to fatty acids and glycerol is brought about 
by a factor, referred to as the lipemia-clearing factor or lipopro- 
tein lipase, that can be made to appear in the blood stream by an 
injection of heparin (3). This enzyme has been extracted from 
the hearts and adipose tissues of normal rats (4, 5), but so far, 
significant amounts have not been extracted from liver. 

The present report deals with the removal of circulating palmi- 
tate-1-C and cholesterol-4-C™ by the liver, and the effect of 
heparin on their removal. The isolated rat liver was perfused 
with whole blood to which had been added either an artificially 
prepared albumin-palmitate-1-C™ or the very low density frac- 
tion (chylomicrons)! prepared from lymph of rats absorbing pal- 
mitic acid-1-C™ or cholesterol-4-C™. 


EXPERIMENTAL 


Preparation of Radioactive Sustbrates 


Albumin-Palmitate Complex—Two to 3 mg. of palmitic acid-1- 
C' were dissolved in ether, and the solution was titrated to a 
phenolphthalein end point with dilute sodium ethylate. The 
solvents were evaporated and the residue was dissolved, with 
warming, in 10 ml. of 0.9 per cent NaCl. About 15 ml. of rat 
plasma were added to this warm (35-40°) palmitate solution. 
This plasma was the same as that used in the preparation of the 
perfusate. 

Homologous Chylomicrons Containing Palmitic Acid-1-C™ or 
Cholesterol-4-C'—The thoracic ducts of male, Long-Evans rats 
weighing between 200 and 250 gm. were cannulated by a pro- 
cedure previously described (7). The animals were then fed, by 
stomach tube, 1 ml. of 0.9 per cent NaCl solution, followed by 
0.5 ml. of olive oil containing either palmitic acid-1-C™ or choles- 
terol-4-C", The lymph was allowed to clot at room temperature. 
The defibrinated lymph was overlain with 1.1 per cent NaCl, and 
the mixture was centrifuged in the Spinco model L Ultracentri- 


* Aided by grants from the United States Public Health Serv- 
ice, the Life Insurance Medical Research Fund, and the Commit- 
tee on Research of the University of California. 

1 The term chylomicron was introduced by Gage (6) to desig- 
nate lipide particles, in lymph and serum, large enough to be vis- 
ualized in the dark-field microscope. For convenience it is used 
here to refer to lipoprotein classes of S; 1000 and higher (2). 
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fuge (rotor 30.2) for 30 minutes at 15,000 r.p.m. The top turbid 
layer was transferred, with the aid of a polyethylene suction de- 
vice, to a new rotor tube, overlaid with 1.1 per cent NaCl, and 
centrifuged for 16 hours at 30,000 r.p.m. The top turbid layer, 
which contains the §,1000 and higher classes of liproteins (2), 
was removed, and after appropriate dilution with 0.9 per cent 
NaCl solution, was used in the perfusion experiments. 


Liver Perfusion 


The apparatus (Fig. 1) was a combination of the lung and 
pump systems described by Miller et al. (8), as modified by Felts, 
and the reservoir system of Brauer et al. (9). A section from a 
graduated 5-ml. pipette was inserted at location 10 (Fig. 1). 
The rate of flow of the perfusate leaving the liver was measured | 
frequently by clamping the tubing below this pipette section and 
determining the time required for blood to fill the calibrated area. 
To equalize the pressure between the liver dish and the rest of 
the system while the rate of flow was measured, an additional 
connection was introduced at location 16 (Fig. 1). Self-sealing, 
gum rubber tubing was used at locations 7 and 10, and perfusate 
samples were withdrawn at those points with syringes. All other 
connections were made with Tygon tubing. The perfusion ap- 
paratus was enclosed in a cabinet maintained at 37.5°. 

The technique for isolating the rat liver has been described by 
Brauer et al. (9). It should be noted that heparin is injected 
into the liver-donor rat in order to prevent coagulation of blood | 
during cannulation of the liver. In most cases the interval 
(anoxic period) between the insertion of the cannula into the 
portal vein and the establishment of a perfusate flow through the 
liver ranged from 3 to 6 minutes. 

The perfusate consisted of 30 ml. of 0.9 per cent NaCl solution 
and 90 ml. of whole blood. This amount of whole blood was 
collected in heparinized syringes, from the vena cavae of 15 to | 
20 female rats (blood-donor rats, Table I), and was thoroughly 
mixed with 1 ml. of a heparin solution (1,000 U.S.P. units per 
ml.) and 2 ml. of a streptomycin-penicillin mixture (800 units of 
penicillin and 2 mg. of dihydrostreptomycin per ml.). In those 
cases in which the perfusate was prepared with the blood of hep- 
arin-treated rats, each donor rat was first given an injection with 
0.1 ml. of a heparin solution (100 U.S.P. units), and bled 5 to 10 
minutes later. | 

A gas mixture consisting of 95 per cent oxygen and 5 per cent | 
CO, was passed through the perfusate at a rate of about 0.5! 
per minute. Carbon dioxide was trapped by passing the gas 
through a sintered glass tower containing 200 ml. of 1 » NaOH, 
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CO»-free. A slight vacuum was applied to overcome the resist- 
ance of the sintered glass. 


Standardization of Perfusion Conditions 


Because we were interested here in the rates of disappearance 
of various lipide preparations from the perfusate, care was taken 
to establish uniform conditions in the perfusion system. The 
final volume of the perfusate (containing the substrate) was 135 
to 140 ml., and the rate of perfusion flow was 162 ml. per minute. 
Circulation rates in excess of 1.5 volumes per minute were avoided 
since they tended to hemolyze red blood cells. 

Blood flow through the livers varied from 10 to 25 ml. (average 
19 ml.) per minute per whole organ, or from 1.1 to 2.2 ml. (aver- 
age 1.7 ml.)? per minute per gm. No attempt was made to 
achieve a standard flow per gm. of liver because it was impractical 
to weigh the organ before it was perfused. To have done so 
would have increased the anoxic period. Once a flow was estab- 
lished through a given liver, a constant rate was maintained 
throughout the period of the experiment (Table I). If the flow 
was too slow, the liver became anoxic, with the subsequent ap- 
pearance of congested areas; if flow was too rapid, the liver was 
dilated. The flow was, therefore, adjusted, as a rule, within a 
narrow range to prevent the development of these effects. When 
the required rate of flow could not be established, the liver was 
discarded. 

The pressure of the gas phase was 1 to 4 em. of water below 
atmospheric. This reduction in pressure aided in sweeping the 
CO. into the NaOH tower and also served to seal the rubber 
diaphragm (on which the liver was mounted) to the bottom of 
the liver dish. The gas pressure was maintained constant in 
each experiment because it affects liver blood flow. Liver blood 
flow is also affected by the hydrostatic pressure (height of the 
lung filter (location 6 in Fig. 1) above the liver), viscosity of 
blood, and by a vasopressor present in blood. In our experi- 
ments, the lung filter was placed 12 to 15 cm. above the liver, 
and its position was adjusted at the start of the experiment to 
establish a sufficient flow through the liver. To ensure the re- 
moval of the vasopressor described by Brauer (11), the liver was 
perfused for 1 hour before the radioactive substrate was added. 

Since heparin is involved in lipoprotein lipase activity, its use 
as an anticoagulant in the perfusion system also required stand- 
ardization. The liver contains heparin, and in order to mask 
possible variations in concentrations of endogenous heparin, 
fairly large amounts of heparin were added to the perfusion sys- 
tem. No adequate substitute for heparin was found. Other 
anticoagulants, such as citrate, were not used because of their 
possible deleterious action on some aspect of liver metabolism 
(12). 

Except for the surface of the liver, perfusion was carried out in 
a closed system. The gas loss from the surface of the liver was 
measured in an experiment in which palmitic acid-1-C™ (added 
as the albumin complex) was perfused through the organ. The 
C"O. collected from the liver surfaces in 1 hour did not exceed 
1.5 per cent of the total respired C“O:. 

The time required for complete mixing of the substrate was 
measured. The conditions were the same as those used in a 
regular experiment except that the liver was omitted. The blood 
flow in the liver cannula from the lung was adjusted to 20 ml. 


_ * This rate is higher than the blood flow rate in the liver of the 
intact rat. According to Dobson and Jones (10), the rate in the 
normal rat is 1.2 ml. per minute per gm. of liver. 


L. A. Hillyard, C. E. Cornelius, and I. L. Chaikoff 
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Fic. 1. Perfusion system for isolated rat liver. 1, an auto- 
matic Brewer pipetting machine; 2, rubber finger cot between a 
ball and socket joint; 3, valve system; 4, glass lung; 5, overflow 
tube; 6, nylon filter between ball-and-socket joint; 7, portal-vein 
cannula; 8, liver; 9, contraceptive rubber diaphragm; 10, flow 
meter; 11, reservoir for perfusate; 12, thermometer; 13, pressure 
gauge; 14, humidifier; 75, gas flow meter; 16, bypass tube. 
per minute. Bromsulfalein was added to the reservoir, and the 
dye concentration in the liver cannula (location 7 in Fig. 1) was 
determined at intervals. The dye concentration was 75 per cent 
of the equilibrium value at 30 seconds, 95 per cent at 60 seconds, 
and 100 per cent at 90 seconds. The radioactive substrate was 
probably completely mixed by the first sampling, 2 minutes after 
the substrate was added. 

The glucose content of the perfusate was measured in two 
typical experiments in which livers from fed rats were used. 
Values of about 160 mg. per 100 ml. were observed for both ex- 
periments at the time the labeled substrate was introduced, and 
values of 190 and 260 mg. per 100 ml. 1 hour later (end of the 
experiments). When fasted rats were used, the glucose values 
were about 90 mg. at the start and 116 mg. per 100 ml. at the 
end of the experiments. 


; Analytical Procedures 


Perfusate—One-ml. samples of the perfusate were withdrawn, 
hemolysed with diluge phosphate buffer (pH 6.0), and extracted 
with 50 volumes of an ethanol-acetone mixture (1:1). Aliquots 
of the resulting solution were mounted on aluminum planchets, 
and the radioactivity was assayed with a Q gas counter. 

Liver—At the end of the experiment the liver was perfused with 
30 ml. of NaCl solution to free it from blood. It was blotted on 
hard filter paper, weighed, and then homogenized in a small 
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TaBLeE | 
Pertinent data on rats whose livers were perfused and on perfusion conditions 


All liver-donor rats received heparin intravenously before their 


perfusate. 





Removal of Palmitate and Cholesterol Complexes by Rat Liver 


All livers were perfused for 1 hour before the addition of labeled substrate. 


livers were excised. 


In all experiments, except No. 10, the perfusion 


was continued for 1 hour after the addition of the labeled substrate; in Experiment 10, perfusion was continued for only 30 minutes 








Liver-donor rats Blood-donor rats Perfusion conditions ; 
OO) a = os = 
— | Strain® bn & ae we Strain —- Baar Labeled substrate added Glucose added to perfusate Flow through liver | 
gm. gm. ) ber Bow. 
min, 
1 SD | 360 | 11.9 | Fed SD | Fed No | Albumin-palmitate-1-C" None 25 is | 
2 SD 240 | 11.5 | Fasted®| SD | Fasted® | No Albumin-palmitate-1-C™ None 16 12 
3 | LE | 320 8.6 | Fasted’ | LE | Fasted’ | No | Albumin-palmitate-1-C™ None 18 13 

4 | LE 320 7.9 | Fasted® | LE | Fasted’ | No Albumin-palmitate-1-C" None 10 7 
5 | LE | 370 | 13.0 | Fed LE | Fasted? No | Albumin-palmitate-1-C™ Yes (760 mg./100 ml.)¢ 20 14 | 
6 | LE | 320 | 11.8 | Fasted’? | LE | Fasted’ | No | Albumin-palmitate-1-C"™ Yes (1120 mg./100 ml.)4| 15 lis 3 
7 | LE | 420 | 12.0 | Fed | LE | Fed | Yes | Albumin-palmitate-1-C™ None 25 18 | 
8 | LE | 350 | 12.9 | Fasted’ | LE | Fasted’ | No Chylomicron-palmitate-1-C" | None 14 Mat 
9 | LE | 280 | 12.8 | Fasted’ | LE Fasted’ | No | Chylomicron-palmitate-1-C | None 19 15 : 
10 | SD | 300 | 8.9 | Fed SD | Fed | No | Chylomicron-palmitate-1-C' | None 16 ia 
11 LE | 380 | 15.4 | Fed LE | Fed Yes | Chylomicron-palmitate-1-C'* | None 23 17> | 
12 SD | 340 | 11.1 | Fed | SD | Fed Yes | Chylomicron-palmitate-1-C™ | None 24 18 | 
13 LE | 340 9.9 | Fasted’ | LE | Fasted’ | No | Chylomicron-cholesterol-4-C™ | None 20 15 
14 LE | 325 8.2 Fasted’ | LE Fasted’ | No | Chylomicron-cholesterol-4-C™ | None | 14 “ua 
15 LE | 320 | 12.1 | Fed LE | Fed | Yes | Chylomicron-cholesterol-4-C' | None | 20 15 
16 LE | 330 9.6 Fasted? LE | Fasted’ | Yes | Chylomicron-cholesterol-4-C™ | None | 20 15 | 
« SD, Sprague-Dawley; LE, Long-Evans. i 


» Deprived of food for 24 hours. 
¢ The heparin was injected 5 to 10 minutes before the rats were 


killed. 


4 Values in parentheses show the glucose concentrations in perfusate at start of perfusion. There was little change during the course 


of the experiments. 
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Fig. 2. Disappearance of albumin-palmitate-1-C'* from per- 
fusate of isolated rat liver. 
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Waring Blendor cup. Ethanol was added to the cup, and the 
mixture was rehomogenized. The mixture was transferred 
quantitatively to an Erlenmeyer flask, with about 200 ml. of 
ethanol, and an equal volume of acetone was added. The Erlen- 


See text for glucose concentration in other experiments. 


TaBLe II 
Removal of palmitate as determined by differences in concentrations 
of lipide-C'* in perfusate at entrance to and exit from liver | 
perfused with albumin-palmitate-1-C™ : 
The differences between the lipide-C™ content of the perfusate | 
at points of entrance and exit from the liver are expressed as per- 
centages of entrance value. 





— | 


Minutes after addition of substrate to perfusate 


ng | ——— ——__—_—_—_—__—— — | Average 
| 2 4 6 s | 10 { 
1 | 4] 41 41 38  — 
3 | 42 46 ao | # | & 
3 | 37 39 30 29 | 34 34 
4 45 44 45 39 42 43 
5 41 44 40 44 | 41 42 
6 44 46 41 446(«d|:C 43 
7 | 38 | 48 36 22 29 34 





meyer flask was heated for 1 hour on a steam bath. The solvent 
was decanted through filter paper, and the residue was extracted 
twice more with ethanol-acetone (equal parts). Aliquots of the 
combined extracts were mounted on aluminum planchets for C 
determination. Other aliquots were concentrated to drynes,j 
and the residue was dissolved in a small volume of petroleun/ 
ether. Phospholipides were precipitated from the petroleum 
ether by the addition of acetone and MgCl. The C™ in the 
phospholipide and nonphospholipide fractions was measured. 
CO, Determinations—The NaOH towers were changed at l0 
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In all experiments heparin was mixed with the | 
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minute intervals. The NaOH-carbonate mixture was trans- 
ferred quantitatively to volumetric flasks. An aliquot of the 
solution was teken, the CO: precipitated as BaCOs, and the latter 
collected on filter paper disks. The C' content of the BaCO; 
was assayed with a Q gas counter. 


RESULTS 


Data on the liver-donor rats and the perfusion conditions are 
given in Table I. In each experiment the nutritional state of 
liver-donor and blood-donor rats was the same. 

EXPERIMENTS WITH ALBUMIN-PALMITATE COMPLEX 

After the introduction of the labeled albumin-palmitate com- 
plex, the concentrations of lipide-C™ in the perfusate were meas- 
ured at intervals. In Fig. 2 the concentrations of lipide-C™ 
per ml. of perfusate are expressed as percentages of the initial 
concentration (zero time). In each experiment, samples of the 
perfusate were taken simultaneously at the points of entrance to 
(portal vein) and exit from (vena cava) the liver (locations 7 and 
10 in Fig. 1) at 2-minute intervals up to 10 minutes, and the 
lipide-C“ contents of these samples were determined. The differ- 
ence between the two values at each time interval is expressed 
in Table II as a percentage of the lipide-C" content of the enter- 
ing perfusate. 

The rate of disappearance of lipide-C™ from the perfusate was 
quite rapid (Fig. 2). Table II shows that from 34 to 43 per cent 
(averages) of the lipide-C™ in the incoming perfusate was re- 
moved in passage through the liver. The loss of lipide-C™ from 
the perfusate was similar regardless of whether the liver-donor 
rats had been fasted for 24 hours or had been fed up to the time 
their livers were excised. The addition of large amounts of 
glucose to the perfusate also fasted to influence the rate of disap- 
pearance of lipide-C. In a single experiment (No. 7), the per- 
fusate was prepared from rats that had been given an injection 
of heparin. Such treatment of the blood-donor rats did not 
change perceptibly the disappearance rate of the lipide-C™ in- 
troduced into the perfusate. 


EXPERIMENTS WITH CHYLOMICRONS CONTAINING 
ACID-1-c!4 OR CHOLESTEROL-4-c™ 


PALMITIC 


Those in Which Perfusate Was Prepared with Blood from 
Nonheparinized Rats 


Palmitate-1-C''—The results of three experiments are shown 
in Fig. 3 and Table III. Since all liver-donors received heparin 
before they were killed, we were concerned about the presence 
of a heparin-induced clearing factor in the small amounts of 
blood present in the isolated livers. For this reason, in Experi- 
ments 9 and 10, 20 ml. of perfusate were permitted to escape? 
from the exit cannula of the isolated liver before it was connected 
to the perfusion system. This served to free these two livers of 
residual blood of the liver-donor rats. The liver of Experiment 
8 was not so treated. As judged by the values given in Table 
Ill and the curves in Fig. 3 for Experiments 8 to 10, this washing 
made little or no difference in the removal rates of palmitate-1-C™ 
introduced into the perfusate as chylomicrons. 

When chylomicrons were added to a perfusate containing the 
blood of nonheparinized rats, the rate of disappearance of lipide- 
C* from the perfusate was about } that observed in the albumin- 


* To allow for this washing, the volume of the perfusate was in- 
creased to 140 ml. 
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chylomicron-cholesterol-4-C™ from perfusate of isolated rat liver. 


TaB_e III 
Removal of palmitate as determined by differences in concentrations 
of lipide-C™ in perfusate at entrance to and exit from 
liver perfused with chylomicron-palmitate-1-C'* 


The values have the same meaning as those given in Table IT. 








Minutes after addition of substrate to perfusate 








| 
——_ _— ———__— — ee | Average 
| 5 | 10 | 15 20 30 
g* | 1 5 3 05; 6 | 8 
9* | 9 | 3 7 6 | 6 6 
10* | 2 | 1 5 | 10 8 5 
11t 20 26 29 24 86| #19 24 
12+ 12 17 33 23 11 19 





* Perfusate prepared from nonheparinized blood-donor rats. 
+ Perfusate prepared with postheparin blood. 


palmitate experiments. The average half-time of lipide-C™ in 
the perfusate was 11 minutes for the albumin-palmitate experi- 
ments and 93 minutes for the chylomicron-palmitate experiments. 

Cholesterol-4-C'4—The results are shown in Fig. 3 (Experiments 
13 and 14). The disappearance rate of the lipide-C™ from the 
perfusate was very slow. At the end of 1 hour, 90 and 95 per 
cent, respectively, of the initial concentrations of lipide-C™ were 
still present in the perfusate. 


Those in Which Perfusate Was Prepared with Postheparin Blood 


Palmitate-1-C'“—When chylomicrons were added to a perfusate 
prepared with blood obtained from heparinized rats, the rate of 
lipide-C" disappearance from the perfusate (Fig. 4 and Table III) 
was greatly increased. The half-time of the lipide-C“ in the 
perfusate was 17 minutes. 

Cholesterol-4-C'\—The pronounced difference in the rates at 
which cholesterol-4-C" and palmitate-1-C™, both added as chy- 
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Fic. 4. Disappearance of chylomicron-palmitate-1-C' and 
chylomicron-cholesterol-4-C™ from perfusate of isolated rat liver. 
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the added palmitate-C disappeared from the perfusate, and it 
can be calculated that 58 per cent of the disappeared lipide-C™ 
was deposited in the liver in an esterified form (phospholipides 
and triglycerides) and that 13 per cent was oxidized to COs, 
The recoveries of the added C™ as lipide plus CO: at the end of 
the albumin-palmitate experiments ranged from 69 to 86 per 
cent.‘ In a few cases the blood proteins were precipitated with 
zinc hydroxide, the filtrate was oxidized with persulfate, and the 
liberated CO, was assayed in the form of BaCQ;. The latter, 
which probably represents the ketone body fraction, contained 
about 10 per cent of the added C™. 

In the chylomicron experiments (8 to 10) in which little oxida- 
tion of the C™-palmitate occurred, the recoveries of the added 
C™ as lipides and CO: amounted to 92 to 97 per cent. In those 
in which the oxidation was pronounced (Experiments 11 and 12), 
the recoveries as lipides and CO were 73 and 82 per cent, respec- 
tively. It is reasonable to assume that the C unaccounted for 
in Experiments 11 and 12 was ketone bodies. 


DISCUSSION 


The rates of lipide-C' disappearance shown in Figs. 2 to 4 are 
the result of at least two major factors: (a) the fractions of the 
total perfusate passing through the liver per unit of time, and (6) 
the liver’s capacity for removing the lipide-C“. In connection 
with (a) it should be understood that the initial volume of per- 



































TaBLe IV 
Distribution of C'* in albumin-palmitate-1-C'*, chylomicron-palmitate-1-C™, and chylomicron-cholesterol-4-C' experiments 
Albumin-palmitate experiments ey ae “ae 
Added C'** a 
1 | 2 | 3 4 5 6 | 7t s | * | 10 11t 12¢ 13 | 14 | ist | 16 
cee 2 eee es eee eee | ae 
Arecovered at endt of | | | 
experiment as: | | | | | 
Lipides of perfusate. ...| 27 14 20 26 16 18 | 17 60 | 58 | 76 | 16 87 | 78 | 59 | 65 
Liver phospholipides....| 20 | 19 | 17 | 20 | 19 | 19 | 20 8 | 6] 3 2) 21 0 | 0 | 0 | 0 
Liver nonphospholip- | | 
EE ere 25 39 24 23 19 16 | 20 15 20 | 12 28 35 9 | 14 | 30 18 
respired CO:........... s| 6| 9] 9] 15] 1 | 12 i423 6 | 6) 0} 0} 0} 0 
B present as lipide in sam- | | 
ples removed from | | 
pertueate............5; 6 5 6 7 5 5 | 5 8 | 8 | 6 5 5 7 & | 10-| # 
C present in A + B.. 86 | 83 | 76 | 85 | 74 69 74 92 | 94 | 97 73 83 | 103 | 97 | 99 | 90 
D unaccounted for as lip- | | 
ide and COs......... 4 | 17 | 2% | 15 | 26 | 31} 2 | 8 | 6] 3 | a7 | 17 | 




















* All values are given as per cent. 


t Liver perfused with postheparin blood. In the other experiments the blood-donor rats were not given injections with heparin. 
t All experiments except No. 10 lasted 60 minutes. The liver was perfused for 30 minutes in Experiment 10. 


lomicrons, disappear from the perfusate is clearly brought out in 
the experiments in which postheparin blood was used in the 
preparation of the perfusate (Fig. 4). 


FATE OF C4 IN PERFUSION EXPERIMENTS 


A balance sheet of C™ distribution for the various experiments 
is given in Table IV. Expired CO, accounted for as much as 
15 per cent in the albumin-palmitate-1-C™ experiments, and from 
1 to 6 per cent in those with chylomicron-palmitate-1-C“. None 


of the C™ was recovered as CO: in the cholesterol experiments. 
After the liver was perfused for 1 hour with the albumin-palmi- 
tate complex, an average of 19 per cent of the added C" was found 
in phospholipides of the liver and an average of 23 per cent in 
In 1 hour, about 75 per cent (average) of 


nonphospholipides. 


fusate in all experiments was kept constant, but because of prac- | 


tical considerations, variations in blood flow among the 16 livers 
could not be avoided. The variations, however, were kept within 
narrow bounds, as shown in the last two columns of Table I, and 
they had little effect on the disappearance rate of the lipide-C". 

The most rapid disappearance of the C™ of palmitate-1-C" 
from the perfusate occurred when the labeled palmitate was 
added in the form of the albumin complex. Semilogarithmic 
plots of the data for our albumin-palmitate experiments yielded 
half-times ranging from 8 to 15 minutes. In the intact rat we 


4 We observed no oxidation of palmitate to C“O. when albumin- 
palmitate-1-C'* was incubated with whole rat blood at 37° for 1 
hour. 
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found half-times of about 1 minute,® values in good agreement 
with those (1 to 3 minutes) reported for dog and man (13, 14). 
The slower disappearance rates observed in our perfusion system 
are a reflection of the ratio of perfusate volume to liver blood flow. 
Each liver was perfused with a volume 5 to 6 times that of the 
estimated total blood present in the donor rat. Hence, the frac- 
tion of the total perfusate that passed through the isolated 
liver per minute was much smaller than the fraction of the total 
volume of blood that passed through the liver of the intact rat. 
The rates of palmitate-C'* removal by the liver shown in Tables 
II and III are, however, independent of the fractions of the 
total perfusate passing through the liver per minute. Table II 
shows that, in the experiments with albumin-bound palmitic 
acid-1-C™, a single passage of the perfusate through the isolated 
liver resulted in a loss of 34 to 43 per cent of its lipide-C™. 

The removal of palmitate-C™ by the liver was slow when chylo- 
micron-palmitate-C™ was added to a perfusate prepared with the 
blood of nonheparinized rats. The use of postheparin blood in 
the perfusate greatly accelerated both the removal of the palmi- 
tate-C™ by the liver and the oxidation of the isotope to COs; 
both presumably the result of hydrolysis of the chylomicron 
triglyceride by the released lipoprotein lipase. A similar effect of 
heparin upon the removal of chylomicron fat by the liver of the 
intact rat, and its oxidation, was recently reported by French 
and Morris (15). 

It cannot be decided whether hydrolysis of the triglyceride by 
lipoprotein lipase preceded the removal of the chylomicron tri- 
glyceride in the experiments in which blood from nonheparinized 
rats was added to the perfusate. It should be recalled that 
lipoprotein lipase is not released when heparinized blood is per- 
fused through the isolated liver (16-18). It has been claimed 
that the liver destroys lipoprotein lipase (16, 17), but this has 
not been confirmed in the carefully controlled experiments of 
Morris and French (18). According to these workers, the de- 
struction of lipoprotein lipase in blood perfused through the liver 
is no greater than that observed when blood is incubated at 38°. 
Since they (18) found that the addition of Triton (an inhibitor of 
lipoprotein lipase) to the perfusate of isolated rat livers had little 
effect upon fat uptake, they concluded that an intravascular 
clearing reaction is not an essential step in the uptake of chylo- 
micron fat by the liver. 

A distinct difference in the disappearance rates of chylomicron- 
palmitate-C'* and of chylomicron-cholesterol-C' was observed 
when the perfusate was prepared with blood from nonheparinized 
rats, and the variation became even more pronounced when the 
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perfusate was prepared with postheparin blood. Since it has 
been shown that chylomicron lipides exchange with serum lipo- 
proteins (14, 19, 20), dissimilar rates of cholesterol and palmitate 
exchange between the chylomicrons and plasma lipoproteins 
might account for the differences in the rates of disappearance 
of the labeled cholesterol and palmitate from the perfusate. For 
this reason we measured the exchange of palmitate and choles- 
terol between chylomicrons and plasma. Chylomicrons con- 
taining either palmitate-1-C"™ or cholesterol-4-C™ were incubated 
at 38° for 1 hour with a perfusate mixture prepared with the blood 
of nonheparinized rats. In the experiments with cholesterol-4- 
C" as well as with palmitate-1-C™, 20 to 25 per cent of the C™ 
was recovered in the nonchylomicron fraction of the perfusate at 
the end of the hour. Thus, a difference in the amounts of ex- 
change of the two labeled lipides cannot account for the difference 
in their rates of disappearance from the perfusate. 


SUMMARY 


1. The removal of palmitate-1-C™ and cholesterol-4-C™ by the 
isolated perfused rat liver was studied. The perfusate was pre- 
pared with whole blood, obtained from heparinized (postheparin 
blood) and nonheparinized rats, to which were added: (a) an 
artificially prepared albumin-palmitate-1-C“; or (b) the very 
low density fraction (chylomicrons) prepared from lymph of rats 
absorbing palmitic acid-1-C"; or (c) the chylomicron fraction pre- 
pared from the lymph of rats absorbing cholesterol-4-C™. 

2. In the experiments with the labeled albumin-palmitate 
complex, the rate of C™ disappearance was rapid. From 34 to 
43 per cent of the C" in the incoming perfusate was removed in a 
single passage through the liver. The loss of C“ from the per- 
fusate was similar regardless of whether the liver-donor rats had 
been fasted or fed. The addition of large amounts of glucose to 
the perfurate did not affect the C“ disappearance. Of the C™ 
that disappeared from the perfusate, 58 per cent was recovered 
as phospholipides and triglycerides in the liver. 

3. When chylomicron-palmitate-1-C' was added to a perfu- 
sate prepared with blood from nonheparinized rats, the rates of 
C* disappearance were about } those observed in the albumin- 
palmitate experiments. When the chylomicron-palmitate was 
added to a perfusate prepared with postheparin blood, the rates 
of C" disappearance were greatly increased. 

4. The disappearance of cholesterol-4-C™ from perfused chylo- 
microns was much slower than that of palmitate-1-C" from chylo- 
microns regardless of whether the perfusate contained post- 
heparin blood or blood from nonheparinized rats. 
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Earlier studies from this laboratory dealt with various aspects 
of carbohydrate and fatty acid metabolism of mammary glands 
of rats in midlactation (1-3). In the present investigation we 
have studied the pathways of glucose metabolism and lipogenesis 
in two types of nonlactating glands—one excised from pregnant 
rats just before parturition, the other from rats in which lacta- 
tion had just been arrested by weaning of their young. The 
patterns of metabolism in these glands have been compared with 
those in mammary tissue excised from lactating rats 1 to 22 days 
post partum. 


EXPERIMENTAL 


Substrates—Glucose-1-C" was obtained from the National 
Bureau of Standards. Glucose-6-C™ (4, 5) and glucose-3,4-C™ 
(6) were prepared as described previously. All labeled hexoses 
were shown to be chromatographically pure and to contain the 
isotope exclusively in the designated position (7). Acetate-1-C"™ 
was added to the incubation medium as the sodium salt. 

Treatment of Rats—Female rats of the Long-Evans strain were 
fed a nutritionally complete stock diet.!. Each lactating rat was 
allowed to nurse seven pups. The rats weighed from 250 to 350 
gm. at the time they were killed by a blow on the head. All 
visible mammary tissue was quickly excised and placed in ice- 
cold, oxygenated Krebs-Henseleit bicarbonate buffer (8). 

Incubation Procedure—Slices of the mammary glands and liver 
were prepared with the apparatus described by Mcllwain and 
Buddle (9). The gland slices prepared from the lactating rats 
were washed repeatedly with the ice-cold buffer until milk no 
longer appeared in the wash; other slices were rinsed several times. 
The slices were gently blotted with filter paper, and 500-mg. por- 
tions were incubated, as described elsewhere (1), in the bicarbo- 
nate buffer. 

Analytical Procedures—The methods used for the collection 
and assay of CO, and the isolation of the nonvolatile fatty 
acids and determination of their C' content have been given 
elsewhere (1). 


1. Various Pathways of Glucose Utilization 
in Lactating Mammary Gland 
When lactating rat mammary gland slices were incubated 
with glucose-1-C™ and glucose-6-C™, the C“Oz yields from the 
former were 10 to 15 times greater than those from glucose-6-C"™ 


* Aided by a grant from the National Science Foundation. 

1 Labration, obtained from Diablo Animal Laboratories, Berke- 
ley, California. This diet contains 24.6 per cent protein, 5.2 per 
cent fat, 46.5 per cent carbohydrate, 4.0 per cent fiber, 9.1 per cent 
salts, and 10.6 per cent moisture. 


(1, 2). On the other hand, the C'-fatty acid recoveries from 
glucose-6-C™ exceeded those from glucose-1-C™. From these 
earlier findings it was inferred that a pathway other than, or in 
addition to, the classical Embden-Meyerhof scheme of glycolysis? 
operates in the mammary gland of lactating rats (1, 2). 

Further evidence pointing to the operation of a non-Embden- 
Meyerhof pathway in this tissue is provided here in studies with 
glucose-3 ,4-C. When glucose so labeled was incubated with 
slices of the lactating rat mammary gland, a significant conver- 
sion of the C' to fatty acids was observed (Table I). After a 
glucose molecule traverses the Embden-Meyerhof sequence of 
enzymatic reactions, its two central carbons, 3 and 4, are lost as 
CO, thereby making available 2 acetyl-CoA molecules for further 
metabolism via the tricarboxylic acid cycle, fatty acid formation, 
etc. The present finding of a significant conversion of the two 
central glucose carbons to long chain fatty acids is incompatible 
with the sole operation of the Embden-Meyerhof pathway in the 
lactating gland. 

Because the liver is a tissue in which glucose is catabolized 


primarily via the Embden-Meyerhof pathway (7, 11-13), we | 


compared the conversion of carbons 3 plus 4 to COs by this tissue 
and by the lactating mammary gland. The results are shown 
in Fig. 1. In the experiments with liver slices, the elimination 
of glucose carbons 3 plus 4 as COs exceeded that of the first 
carbon, a finding consistent with the view that the Embden- 
Meyerhof pathway for glucose utilization predominates in this 
tissue. In the experiments with the lactating mammary gland, 
however, the opposite results were observed. 

The findings so far presented on the utilization of glucose car- 
bons 1, 3 and 4, and 6 by the lactating rat mammary gland are 
consistent with the operation of the hexose monophosphate 
oxidative pathway.’ This view is supported by two additional 


2 In the early literature, glycolysis became synonymous with the 
Embden-Meyerhof scheme of glucose dissimilation, and the term 
glycolysis was used in that sense in a previous paper from this 
laboratory (1). Subsequently, Bloom et al. (10) pointed out that 
glycolysis is a general term for glucose breakdown to pyruvate, 
regardless of pathway, and we have adopted this meaning in the 
present report. 

3’ Various terms have been used to describe this alternative 
scheme of glucose utilization. Dickens (14), in a recent review, 
referred to it as the hexose monophosphate shunt, and this name 
was used in our earlier reports on the mammary gland and liver 
(1,2,7,11). At the suggestion of the editors, the term phospho 
gluconate oxidation was used in a later paper on the liver (15) 
The terms Warburg-Lipmann-Dickens (16), direct oxidative (17) 


hexose monophosphate oxidative cycle (18), pentose phosphate! 


(19), and pentose cycle (20) have also been used to describe this 
pathway. 
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DIAGRAM 1 


Cl (C1) COOH 

C2 (C2) C=O Pyruvate 
| | 

| 

C3 (C3) CH; 

+ 

C4 (C4) CHO 

| | 

C5 (C5) CHOH Glyceraldehyde 3-phosphate 
| | 

| i 

C6 (C6) CHOP 


Glucose 


(C1) CO, 
+ 
(C2) CO—CoA Fatty acids 
| (carbons 2 and 3) 


(C3) CH; 


(C4) CO, 

ade 
(C5) CO—CoA Fatty acids 

| (carbons 5 and 6) 
(C6) CH; 


The incorporation of various glucose carbons into CO: and fatty acids via the Entner-Doudoroff scheme of glycolysis. 


sets of findings: (a) the demonstration by Glock and McLean 
(21) that this tissue contains high levels of the dehydrogenases 
of glucose 6-phosphate and 6-phosphogluconate and of enzymes 
concerned with the utilization of pentose phosphate; and (6) the 
isolation, by Peeters et al. (22), of intermediates of this direct 
oxidative pathway, namely, the phosphates of sedoheptulose and 
of a pentose, from homogenates of lactating mammary tissue. 

A number of our findings on glucose metabolism of the lactating 
mammary gland are also compatible with the operation of the 
Entner-Doudoroff pathway (23). In this scheme of glycolysis, 
which is based on observations on microorganisms, 6-phospho- 
gluconate is cleaved, yielding pyruvate and glyceraldehyde 
3-phosphate, with the distribution of glucose carbons shown in 
Diagram 1. The compatible findings are: (a) the recovery of 
more CO. from glucose-1-C™ than from glucose-6-C™ and 
glucose-3 ,4-C'; (b) the conversion of C'™ of glucose-3,4-C" to 
fatty acids; and (c) the greater conversion of glucose carbon 6 to 
fatty acids than of glucose carbon 1. Other evidence obtained 
in this laboratory, however, clearly indicates that, if the Entner- 
Doudoroff scheme of glycolysis operates in lactating mammary 
gland, it does so to a very minor extent. In studies on the 
labeling pattern of lactic acid isolated during experiments in 
which glucose-1-C“ was incubated with lactating mammary 
tissue, we found that more than 80 per cent of the C™ contained 
in this acid was in the methyl] position, and only 5 to 10 per cent 
in the carboxyl carbon.* Since we also found that the carboxyl 
carbon of lactate derived from glucose-6-C™ contained ap- 
preciable radioactivity, there can be little doubt that labeling of 
this carbon can occur in the mammary gland slice by processes 
involving COz fixation. 

Another pathway of glucose catabolism involving the forma- 
tion of glucuronate and xylulose (24) has been recently demon- 
strated in various tissue preparations (25, 26). A characteristic 
of this pathway is the production of more COz from carbon 6 of 
glucose than from carbon 1, a fact that apparently eliminates it 
as an important pathway in glycolysis in rat mammary tissue. 

It has been known since 1931 (27) that mammalian liver con- 
tains an enzyme capable of oxidizing glucose to gluconic acid 
without prior phosphorylation, but this enzyme could not be 
detected in lactating rat mammary gland homogenates by 
MeLean (28). 

It would thus appear that the two principal glycolytic schemes 
operating in the mammary gland of the lactating rat are the 
classical _Embden-Meyerhof and the hexose monophosphate 
oxidative pathways. 


‘8. Abraham, P. Cady, and I. L. Chaikoff, unpublished observa- 
tions. 


TABLE I 


Incorporation of glucose carbon 1 and of glucose carbons 3 plus 4 
into fatty acids by lactating rat mammary gland slices 


500 mg. of slices prepared from the mammary glands of lactat- 
ing rats 10 days post partum were incubated with 50 wmoles of 
C'4-labeled glucose in 5.0 ml. of Krebs-Henseleit bicarbonate 
buffer, pH 7.3, for 3 hours at 37°. Gas phase, 95 per cent O2 and 
5 per cent CO2. In the experiments with glucose labeled in the 
aldehyde carbon, each incubation flask contained 7.1 X 10 ¢.p.m. 
of C4. In those with carbons 3 and 4 labeled, each flask contained 
5.2 X 10% ¢.p.m. of C™, 








Per cent of C™ recovered as C'-fatty acids from added: 


No. of animals | Glucose-1-C# Glucose-3,4-C™ 























Range Average | Range | Average 
5 5.0-18.6 10.5 | 247.4 | 4.5 
LIVER MAMMARY GLAND 
12F 24F , 
Glucose -1-c'* ° 
O10F a 20F 
re ge Glucose-3,4-c'* 16F 
> 
oO 
oO 6b. eo 12- 
Ww 
ex a 
S 4L A BL ail 
o 5 y, @ Glucose4-C'* ab Glucose-3,4-C'* 
° 
i 1 4 = 1 1 1 
6) | 2 3 4 fe) | x «= 
HOURS HOURS 


Fic. 1. The incorporation of C"* of glucose-1-C" and of glucose- 
3,4-C' into CO. by slices prepared from livers of normal female 
rats and from mammary glands of lactating rats. Slices of each 
tissue (500 mg.) were incubated at 37° in 5.0 ml. of Krebs-Hense 
leit bicarbonate buffer (pH 7.3) containing 50 umoles of the labeled 
glucose. The C" activities in the incubation flasks were the same 
as those given in Table I. The gas phase consisted of 95 per cent 
O2 and 5 per cent CO2. The ordinates are percentages of the C™ 
in the medium. 
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TaBLeE II 


Metabolism of glucose carbons 1 and 6 by mammary gland slices 
prepared from (a) pregnant rats near term, (b) lactating rats, 
and (c) rats in which lactation had been arrested 
by weaning of young 

Rat mammary gland slices (500 mg.) were incubated for 3 hours 
at 37° in 5.0 ml. of Krebs-Henseleit bicarbonate buffer, pH 7.3, 
containing 25 wmoles of labeled glucose. Gas phase, 95 per cent 
O2 and 5 per cent CO:z. In the experiments with glucose labeled 
in the aldehyde carbon, each incubation flask contained 1.1 X 105 
c.p.m. of C4, and in those with the terminal carbon labeled, 1.3 X 
105 c.p.m. of C4. Two separate determinations were made on the 
mammary gland of each rat. Each value recorded below is the 
average of all determinations carried out on one to four rats. 























| Per cent C™ of: Per cent of 
fatty acid-C 
. __ \Gaeew | ences ee 
State Rat Nos, | Glucose-1-C' Glucose-6-C (ood won 
| } phosphate 
COs | Betsy | COs | ESuY | pathways 
NN ES ———E ee 
Pregnant | 
2 days before | 
term...... 1-4 | 3.8] 0.3/3.6] 0.3 0 
1 day before 
term....... 5, 6 4.0/ 0.2} 3.0) 0.2] 0 
Postpartum, lac- | 
tating | | | 
idee. ci: 7,8 | 21.8 | 3.5 | 8.2 | 6.1 40 
i See 9,10 | 60.7) 8.6/9.0 | 21.2 60 
Sdays.........| 11 | 34.4| 8.0] 4.5 | 12.8 | 40 
11 days.........| 12 | 28.3) 2.8|4.9]| 8.2 | 70 
13 days.........} 14 /41.8/ 8.5/9.3) 14.6] 40 
19 days.........| 15 | 52.0 | 10.4 6.7 | 25.4| 60 
22 days.........| 16,17 | 33.8 | 6.3 | 9.5 | 14.6 | 60 
Postlactatio 
lday.........| 1820 | 4.8] 0.4|1.7]| 0.4] 0 
3 days......... ai-22 | 8.4.) 1.0/1.4] 1.0| 0 
4days.........4 @ | 2.4 | 0.1 | 0.6 | 0.1) 0 





* Calculated as follows: 


fatty acid-C™ recoveries from glucose-6-C' minus fatty 


100 X acid-C'4 recoveries from glucose-1-C'4 





fatty acid-C™ recoveries from glucose-6-C'* 


The difference between the value so obtained and 100 gives the 
corresponding value for the Embden-Meyerhof pathway. The 
assumptions underlying these calculations and their provisional 
nature are discussed in the text. 


2. Participation of Embden-Meyerhof and Hexose Monophosphate 
Oxidative Pathways in Conversion of Glucose to Fatty 
Acids by Mammary Glands of Lactating 
and Nonlactating Rats 


Three groups of rats were studied. The first consisted of six 
pregnant rats close to parturition; the second, of 10 rats that had 
been lactating for periods varying from 1 to 22 days; and the 
third, of six rats with involuting mammary glands. The rats of 
this third group had lactated for 22 days, and were killed 1, 3, 
or 4 days after weaning of their young. Table II shows the 
conversion of glucose carbons 1 and 6 to CO, and fatty acids by 
slices prepared from the mammary glands of the three groups of 
rats. 

The most pronounced utilization of the two glucose carbons, 


1 and 6, for CO, and fatty acid formation was observed in the 
experiments with lactating glands. Considerable variation, 
however, was found in the C“O, and C"™-fatty acid recoveries 
even with glands from rats that had been lactating for the same 
length of time. These variations are perhaps not surprising, for 
even though the slices were repeatedly washed in a buffer solu- 


tion before they were incubated, there can be no assurance that | 


the amounts of residual secretions in the slices were the same, 
According to Folley (29), mammary tissue from rats at the end 
of pregnancy contains more metabolically inert material than 
does mammary tissue from lactating rats. Despite possible 
differences in the content of secretions in the mammary glands 
of the three groups of rats, there can be no doubt that lactating 
glands are the most active so far as glucose utilization is con- 
cerned. 


The earliest calculations for the relative operation of the | 


Embden-Meyerhof and the hexose monophosphate oxidative 
pathways of glycolysis were based on CQO, recoveries in experi- 
ments with glucose-1-C™ and glucose-6-C™ (7, 11, 30-32). Ina 
previous study (1) we discussed some of the difficulties involved 
in the use of CO, recoveries for determining the participation 
of these two pathways in mammary gland. More recent studies 
have brought to light still other difficulties in the use of C0, 
recoveries. Thus, we have shown that the ratio, C'O2 derived 
from glucose 1-C/C“O, derived from glucose-6-C™, varies con- 
siderably with the time of incubation (2). Kvaame (33), ina 
study with ascites tumors, found that this C“QO, ratio also varies 
with the concentration of glucose in the medium. We have 
observed a similar phenomenon in experiments with slices of 
mammary glands prepared from lactating rats. When the 
glucose concentrations in the incubation medium were allowed 
to vary from 1 to 50 wmoles per 5 ml. of medium, the C0, 
yields from glucose-6-C" declined, but those from glucose-1-C¥ 
remained constant. Thus, when 500 mg. of mammary gland 
slices were incubated in 5 ml. of the buffer containing 1 umole 
of glucose, the values for the C“O. ratio were about 2. They 
rose to as high as 19, in the presence of 50 umoles of glucose. 
The C"'-fatty acid ratios, recoveries from glucose-1-C'/recoveries 
from glucose-6-C™, however, remained fairly constant (the values 
ranged from 0.42 to 0.49) when the amounts of glucose added 


to the medium varied from 1 to 150 wmoles. The C'*-fatty acid | 


ratio also remained constant as the time of incubation varied 
from 1 to 3 hours (2). 

A possible explanation of these effects of glucose concentration 
on the C“O, and C™-fatty acid ratios was provided by a study 
on the capacity of lactating rat mammary gland slices to convert 
acetate to CO, and fatty acid (Fig. 2). The amounts of acetate 
converted to fatty acids rose as the concentrations of acetate i 
the medium were increased from 0.0002 to 0.03 m, but the oxide 
tion of the acetate reached a maximum at an acetate concentr 
tion of about 0.006 m. This suggests that the oxidation of acety! 
units via the Krebs cycle was saturated at a low acetate level 
whereas the fatty acid-synthesizing system was not saturated 
even at the highest concentration of acetate used. Since the 
CO, derived from glucose-6-C™ is presumably formed via th 
Krebs cycle, the yields of CO. from glucose carbon 6 with it 
creasing concentrations of glucose in the medium would be e 
pected to resemble the pattern of C“O, production shown i 
Fig. 2. 

In 1954 we proposed a calculation for determining the par 
ticipation of the two pathways, based on recoveries of C™-fatty 
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acids from glucose-1-C™ and glucose-6-C" (1). In the Embden- 
Meyerhof scheme, carbons 1 and 6 of glucose are incorporated 
to the same extent into fatty acids; in the alternate pathway the 
sixth carbon is incorporated into fatty acids, but not the first, 
which is lost as CO2.5 Thus, the difference between the fatty 
acids-C™ derived from glucose-6-C™ and glucose-1-C“ may be 
regarded as a measure of the fraction of the fatty acid-C™ that 
arose from glucose via the hexose monophosphate oxidative path- 
way. This method of calculation was subsequently used by other 
investigators (13, 15, 34-36). 

The assumptions involved in the calculation are presented 
below. In view of these assumptions, the provisional nature of 
the calculation is, of course, recognized. (a) Complete equilibra- 
tion of the triose phosphates occurs during the course of incuba- 
tion. (b) The trioses formed in the course of glucose metabolism 
by lactating rat mammary tissue do not recondense to hexose 
phosphate and reenter the pentose cycle. Such recycling would, 
of course, result in a redistribution of isotope among the various 
carbon atoms of the reformed hexose phosphate, and thereby 
invalidate our calculation. The possibility of such recycling has 
been examined experimentally with the aid of lactate-1-C™ and 
glucose-3 ,4-C", The only known pathway for the conversion 
of lactate to hexose monophosphate is through the formation of 
triose phosphate; in the case of lactate-1-C™ this would result in 
the formation of hexose phosphate-3,4-C“. Since, as already 
noted, the C of glucose-3 ,4-C™ is incorporated into fatty acids, 
whereas the isotope of lactate-1-C™ is not, it is unlikely that 
recondensation of the triose and recycling occurred in our experi- 
ments with lactating mammary gland slices. (c) No randomiza- 
tion of C4 by reversal of the reactions catalyzed by transketolase 
and transaldolase occurs. 

The calculated values for the participation of the hexose 
monophosphate oxidative pathway are given in the last column 
of Table II. In the highly developed but nonlactating mam- 
mary glands—those excised from pregnant rats just before 
parturition, and those from rats in which lactation had been 
recently arrested by weaning of their young—glucose utilization 
was relatively low and all of the glucose-derived fatty acids arose 
via the Embden-Meyerhof pathway. No evidence was found 
for the operation of an alternative pathway in the conversion of 
glucose to fatty acids in these nonlactating glands. The onset 
of lactation was associated not only with a greatly augmented 
rate of glucose utilization, but also with the appearance of the 
hexose monophosphate oxidative pathway of glycolysis. In the 
glands of rats that had lactated for only a single day, the latter 
pathway accounted for the origin of 40 per cent of the glucose- 
derived fatty acids and, in the later periods of lactation, for as 
much as 70 per cent. This is the highest value so far reported 
for the operation of a non-Embden-Meyerhof pathway in a 
mammalian tissue. 

The metabolic pattern of the postlactating, involuting gland 
also changed rapidly. We observed no decline in the relative 
operation of the hexose monophosphate oxidative pathway in 
the mammary glands of lactating rats from the very first day to 


* There is no evidence for the carbon of CO:2 appearing in fatty 
acids. We have shown that, when lactate-1-C" is incubated with 
lactating mammary gland slices, the yields of CO. are considera- 
ble, but none of the isotope appears as fatty acids (1). Further- 
more, in our experiments with lactating rat mammary gland slices, 
and in those of Cowie et al. (37) with a perfused lactating cow 


udder, incorporation of HCO; into fatty acids has not been ob- 
served. 
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Fatty Acids 


CO, 
3 


pemoles of Acetate Converted 
to CO2 or Fatty Acids 
N 








4 4 4 4 4 
0,0002M 0.005M 0.0IM 0.02M 0.03M 


Concentration of Acetate in the Medium at Start 
of Experiment 


Fic. 2. The capacity of slices of the mammary glands of the 
lactating rat to convert acetate to CO: and fatty acids. Mam- 
mary gland slices (500 mg.) prepared from a lactating rat 12 days 
post partum were incubated for3 hours at 37° in 5.0 ml. of Krebs- 
Henseleit bicarbonate buffer, pH 7.3, containing 50 umoles of un- 
labeled glucose and varying amounts of acetate-1-C'%. The C™ 
activity contained in each incubation flask was the same as that 
givenin Table IV. The gas phase consisted of 95 per cent O. and 
5 per cent COs. The values plotted represent the average of the 
two closely agreeing separate determinations. 


the 22nd day of lactation; yet 24 hours after weening, we could 
no longer detect evidence for the operation of the pentose path- 
way in fatty acid formation from glucose. These patterns of 
glucose metabolism in the mammary gland are in accord with the 
studies of Glock and associates (21, 28, 38, 39), who have shown 
that the activity of certain enzymes of the hexose monophosphate 
oxidative pathway (glucose 6-phosphate dehydrogenase and 
gluconic acid 6-phosphate dehydrogenase) is low in the gland of 
the pregnant rat, rises to high levels during lactation, and de- 
clines during involution. 


8. Pathway of Conversion of C'* of Glucose-3 , 4-C™ 
into Long Chain Fatty Acids 


One of the interesting aspects of glucose metabolism in the 
lactating rat mammary gland is the gland’s ability to convert the 
C of glucose-3,4-C™ to long chain fatty acids. As a result of 
the operation of the pentose cycle, carbon 3 of glucose appears 
in positions 1 and 2, as well as 3, of the reformed hexose mono- 
phosphate (40). When the latter is cleaved by the Embden- 
Meyerhof enzymes, the resulting triose phosphate will contain 
C* in carbons 2 and 3 as well as in the carboxyl carbon. Upon 
decarboxylation, the acetyl-CoA formed will now contain C™. 
Carbon 4 of glucose does not migrate as a consequence of the 
pentose cycle reactions, but appears as the carboxyl carbon of a 
triose. Thus, carbon 3, but not 4, of glucose undergoes con- 
version to fatty acids in a tissue in which there is extensive 
operation of the hexose monophosphate oxidative pathway 
(Diagram 2). 


4. Stimulating Effects of Glucose and Mannose on Lipo- 
genesis from Acetate in Rat Mammary Gland 


Mammary Glands of Lactating Rats—In all experiments, 50 
umoles of labeled acetate were added to each flask. In the 
experiments described in Table III, the glucose concentration 
varied from 0 to 150 wmoles per 5 ml. of medium. In other 
experiments (Table IV), separate portions of the mammary 
glands of each rat were incubated with acetate as sole substrate, 
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Incorporation of various glucose carbons into fatty acids via a 
combination of the hexose monophosphate oxidative (HMP) and 
Embden-Meyerhof (EM) pathways. 


acetate in the presence of 25 uwmoles of glucose, and acetate in 
the presence of 25 umoles of mannose. 

It has repeatedly been demonstrated that the addition of 
glucose to a bicarbonate incubation medium containing slices of 
lactating rat mammary gland results in a pronounced stimulation 
in the use of acetate carbon for lipogenesis (41-43). This effect 
of glucose is confirmed here, and we have observed that the 
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TaB_e III 
Influence of varying amounts of glucose upon incorporation of C™ 
of acetate-1-C'* into CO. and fatty acids by lactating rat 
mammary gland slices 

Slices (500 mg.) prepared from mammary glands of lactating 
rats 14 days postpartum were incubated for 3 hours at 37° in 5.0 
ml. of Krebs-Henseleit bicarbonate buffer, pH 7.3, containing 50 
umoles of sodium acetate-1-C'4 and varying amounts of glucose, 
Gas phase, 95 per cent O» and 5 per cent CO». 
flask contained 2.9 X 10° c.p.m. of C4. Duplicate runs were 
made at each glucose concentration for the mammary tissue ex- 
cised from each rat, and each value given below is the average of 
the results obtained with six rats. 


Each incubation 








Percentage of acetate-1-C™ recovered as: 
Glucose added to medium ~ 


Carbon dioxide Fatty acids 


pmoles % % 
0 8.3 0.5 
1 13.1 1.2 
10 9.6 8.8 
25 10.7 17.6 
50 on 20.3 
100 7.0 22.7 
150 5.7 22.4 








addition of as little as 1 pwmole of glucose to the incubation 
medium doubled the fatty acid recoveries from the acetate, 
About 50-fold stimulation in C"-fatty acid recoveries from 
acetate-1-C'™ was observed when 50 umoles of glucose were added 
to the medium, but additional glucose failed to elicit further 
stimulation. 

A decrease in C“O, recoveries accompanied the stimulation of 
lipogenesis in the lactating mammary gland only when the 
amount of glucose added was 25 uymoles or more. At the lower 
concentration of glucose (1 to 10 moles per 5 ml. of medium), a 
stimulation in C“O, recoveries was observed. 

Folley and French (44) demonstrated that the oxygen con- 
sumption and R. Q. of lactating rat mammary gland slices are 
higher when incubated with glucose or mannose than when 
incubated with fructose, galactose, or lactose. According to 
Hirsch et al. (42), lipogenesis from acetate in lactating rat mam- 
mary gland slices is less effectively stimulated by fructose than 
by glucose. These workers explained this finding on the basis 
of the preferential utilization of the aldohexose. It is shown 
here that mannose stimulated lipogenesis from acetate to about 
the same extent as did glucose at all concentrations studied 
(from 1 to 150 wmoles). This indicates that mannose is 4s 
readily utilized by the mammary gland as is glucose. The 
hexokinases of bone marrow (45), intestinal mucosa (46, 47), 
yeast, and brain (48) have long been known to catalyze the 
phosphorylation of mannose by adenosine triphosphate and, in 
view of the above findings, it is tempting to suggest the same 
catalytic activity for the hexokinase of mammary gland. The 
enzyme phosphomannose isomerase, which catalyses the inter- 
conversion of mannose 6-phosphate, glucose 6-phosphate, and 
fructose 6-phosphate in rabbit muscle, has been described and 
characterized by Slein (49). The presence of such an enzyme 
in rat mammary gland would allow mannose to enter the general 
metabolic pool at the glucose 6-phosphate stage and thus permit 
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the complete utilization of this epimer of glucose. 
Mammary Glands of Nonlactating Rats—The mammary glands 
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TaBLe IV 


Effect of glucose and mannose on acetate metabolism of mammary gland slices prepared from 
three groups of rats listed in Table II 
Rat mammary gland slices (500 mg.) were incubated for 3 hours at 37° in 5.0 ml. of Krebs-Henseleit bicarbonate buffer, pH 7.3, con- 


taining 50 umoles of sodium acetate-1-C". 
experimental details. 
made on the mammary gland of each rat. 
rats. 


_ 





| Percentage of recoveries of C of acetate-1-C incubated in the: | Percentage of change produced by added unlabeled: 


Rat No. and state ae 
| Absence of added 
| 


carbohydrate 
| CO: Fatty | COs 

Before parturition 

1-4 15.2 0.3 22.2 

5, 6 5.7 0.1 15.8 
Lactating 

7,8 23.8 | 1.4 14.9 

9,10 12.8 1.0 11.6 

11 6.7 | 0.5 4.8 

12 5.3 os |. 43 

14 10.4 | 1.0 8.6 

15 23.0 | 1.0 | 13.7 

16, 17 13.8 | 1.0 | 11.1 
Postlactating 

18-20 2.1 | 0.2 3.3 

21, 22 3.9 0.5 4.0 





of pregnant rats near term appear to be about as active as those 
of lactating rats in the conversion of acetate carbon to CO» 
(Table IV). When acetate served as sole substrate, the utiliza- 
tion of acetate carbon for lipogenesis by the glands of nonlactat- 
ing rats was not unlike that observed in lactating glands. 

In the experiments with these mammary glands from pregnant 
rats, the stimulation of lipogenesis from acetate by glucose and 
mannose was again observed—to a much lesser extent, however, 
than with the lactating tissue—but in this case the production 
of C40, was also stimulated. Thus, in pregnant Rat 1, addition 
of glucose to the bicarbonate medium augmented the yields of 
CO. by about 70 per cent and those of C'-fatty acids by 400 
per cent. 

Glucose and mannose also stimulated acetate utilization for 
fatty acid and CO, formation by the postlactating mammary 
glands. In this case the stimulation of fatty acid synthesis was 
also much Jess than that observed in the lactating glands. 


5. Relation between Hexose Monophosphate 
Oxidative Pathway and Lipogenesis 


The concept that fatty acid synthesis is linked to a TPNH- 
generating reaction emanated from Langdon’s demonstration 
(50, 51) that TPNH is an absolute requirement for fatty acid 
synthesis from acetate by a soluble rat liver fraction, acting as a 
specific electron donor in the conversion of crotonyl-CoA to 
butyryl-CoA. The need for TPNH in the synthesis of long 
chain fatty acids has also been demonstrated in liver prepara- 
tions of the pigeon® (52, 53), chicken (54), and pig (55). Since 

* The investigations of Porter et al. (52, 67) and Wakil et al. (66) 
on the synthesis of long chain fatty acids from acetate and acetyl- 
CoA by purified enzyme systems prepared from pigeon liver have 


Glucose and mannose were added as indicated below. 
For the C'* activities contained in each incubation flask, see Table III. 


Presence of 25 umoles 
| of unlabeled glucose 


See Table II and text for other 
Two separate determinations were 


Each value recorded below is the average of all determinations carried out on one to four 





Presence of 25 umoles| ,. . . 
“ ; lucose on recoveries of: | ose ecoveries of: 
of unlabeled mannose Gluc n recoveries of: Mann on recoveries of 


acids | 00> | cigs | OO | Sodas” | cme | Seta 
| 
0.9 | 224 | 08 | 446 4200 | +447 +170 
0.6 | 20.4 0.6 | +180 +500 | +260 | +500 
7.4 | 16.3 | 6.7 |  —60 +330 —46 +280 
| 
12.3 | 11.6 | 11.0 | -9 | +1130 —9 | +1000 
7.7 | 53 | 8.8 | —28 | +1400 | -21 | 41700 
106 | 4.4 | 6.8 | 21 | +2000 —17 | +1300 
9.8 | 11.0 7 12.8 | —-17 +800 +6 | +1200 
16.0 18.6 | 9.6 | —40 +1500 | -19 | +860 
15.4 13.2 14.8 | —24 +1440 | —4 | +1380 
| | 
1.0 3.0 | 0.5 | +57 | +4400 | +43 +150 
1.0 4.6 | 1.2 +3 +100 | +18 
| 


+140 


TPN is reduced to TPNH in the first two reactions of the hexose 
monophosphate oxidative scheme of glycolysis, and furthermore, 
since the reduction of the TPN does not occur in the Embden- 
Meyerhof scheme, it has been suggested that a causal relation 
exists between the operation of the hexose monophosphate 
oxidative pathway and lipogenesis (56-60). 

A specific need for TPNH in the synthesis of fatty acids by 
preparations of the lactating mammary gland has not been 
shown. The water-soluble fractions prepared by Popjdk and 
his associates from mammary glands of lactating rats (61-63) 
and rabbits (64) synthesize mainly short chain fatty acids (C,- 
Cs) from acetate, and this reaction was found to require DPNH 
and not TPNH. However, Hele (65), in a recent review of this 
topic, does not abandon the possibility that TPNH is required 
in the synthesis of long chain fatty acids by this tissue. Indeed, 
she has suggested that the lactating mammary gland may con- 
tain two separate systems for synthesizing fatty acids: one for 
short chain acids, which requires DPNH, and the other, TPNH- 
dependent, for long chain fatty acids. 

It is shown here that the appearance of activity in the hexose 
monophosphate oxidative pathway in the mammary gland 
parallels the development of a high capacity for lipogenesis from 
glucose, and from acetate provided glucose is present in the 
medium. Both appear abruptly on the first day of lactation 
established that this synthesis is not merely a reversal of fatty 
acid oxidation but proceeds by a different mechanism. A de 
pendence on CO, and biotin in the synthesis of these long chain 
fatty acids has also been demonstrated by these workers (68-70). 
Wakil (71) has presented evidence which suggests that the primary 
step in fatty acid synthesis is the carboxylation of acetyl-CoA to 
a malonyl derivative in the biotin-containing pigeon liver frac- 
tions. The conversion of malonyl-CoA to fatty acids by pigeon 
liver homogenates has recently been demonstrated by Brady (72). 





2252 


and both disappear by the time 1 day has elapsed after weaning. 
It is tempting, therefore, to interpret these findings as support 
for the view that glycolysis and lipogenesis are linked through 
TPN. However, it is important to note that nonlactating 
mammary gland slices, in which no evidence for the operation 
of the hexose monophosphate oxidative pathway was found, 
convert significant amounts of glucose carbon to fatty acids and 
that the addition of glucose to the incubation medium results in 
an appreciable stimulation of fatty acid formation from acetate. 


SUMMARY 


1. Slices prepared from the mammary glands of pregnant rats 
near term, lactating rats 1 to 22 days post partum, and rats in 
which lactation had been recently arrested by weaning of their 
young, were incubated in a bicarbonate medium with (a) glucose- 
1-C™, (b) glucose-6-C™, and (c) acetate-1-C™, either as sole sub- 
strate in the incubation medium or in the presence of glucose and 
mannose. 

2. The rate of conversion of glucose to CO and nonvolatile 
fatty acids was much higher in the mammary glands of lactating 
rats than in those of nonlactating rats. 

3. The operation of the various glycolytic schemes in the 
lactating rat mammary gland is considered, and it is concluded 
that only two need be considered at this time: the hexose mono- 
phosphate oxidative pathway and the Embden-Meyerhof path- 
way. 

4, The participation of the hexose monophosphate oxidative 
and Embden-Meyerhof pathways in the conversion of glucose to 
fatty acids was calculated from the relative conversion of glucose- 
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1-C™ and glucose-6-C" to fatty acids. The assumptions under- 
lying this calculation are stated and discussed. 

5. No evidence was found for the operation of the hexose 
monophosphate oxidative pathway in the conversion of glucose 
to fatty acids by mammary gland slices from pregnant rats as 
close to term as 1 day. 

6. The operation of the hexose monophosphate oxidative path- 
way in the conversion of glucose to fatty acids becomes evident 
abruptly in the mammary gland of the postpartum rat. On the 
very first day after parturition, about 40 per cent of the glucose- 
derived fatty acids arose via this pathway, and the highest value 
during lactation was about 70 per cent. 

7. The hexose monophosphate oxidative pathway did not 
participate in the formation of fatty acids from glucose in the 
mammary glands of rats in which lactation was arrested by 
weaning. As soon as 1 day after weaning, evidence for the 
operation of this pathway could no longer be detected in the 
conversion of glucose to fatty acids. 

8. The addition of glucose or mannose to the bicarbonate 
incubation medium resulted in a pronounced stimulation of 
lipogenesis from acetate in the mammary gland of lactating rats, 
A smaller but significant stimulation was also noted, upon the 
addition in vitro of either of these two hexoses, in mammary 
glands of the two groups of nonlactating rats. 

9. The significance of the participation of the hexose mono- 
phosphate oxidative pathway of glycolysis in lipogenesis from 
glucose and acetate in the rat mammary gland is discussed in the 
light of formation of reduced triphosphopyridine nucleotides. 


Acknowledgment. We are indebted to Dr. J. Katz for valuable 
suggestions in the preparation of this manuscript. 
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Corticotropin, epinephrine, and norepinephrine are capable of 
promoting rapid breakdown of neutral fat within isolated rat 
adipose tissue (1-3). Within a few minutes of exposure to these 
hormones nonesterified fatty acids accumulate within the tissue 
and subsequently pass into the medium, provided albumin is 
present to serve as a carrier. Evidence has already been pre- 
sented to indicate that the response of adipose tissue to ACTH! 
is not due to contamination with other hormones (3). Further- 
more, the suggestion has been made that the lipolytic effect of 
ACTH on adipose tissue may be analogous to the lipide-depleting 
action of this hormone on the adrenal cortex (4). The present 
study was designed to explore this possibility further by investi- 
gating the influence of various factors in the incubating medium 
on the lipolytic activities of ACTH and epinephrine. Of particu- 
lar interest was the influence of the ionic composition of the 
medium in view of the finding of Birmingham e#al. (5) and 
Péron and Koritz (6) that calcium ion is required for the optimal 
steroidogenic effect of ACTH on adrenal slices in vitro. The 
lipolytic activities of ACTH and epinephrine were compared 
in order to determine whether they were similarly influenced by 
changes in the composition of the incubating media. 


EXPERIMENTAL 


Epididymal fat pads were removed from 200- to 350-gm. 
Wistar rats which had been fasted overnight and anesthetized 
with sodium pentobarbital injected intraperitoneally. The tis- 
sue was stored in the appropriate medium just long enough to 
weigh approximately 50-mg. portions on a Roller-Smith torsion 
balance and transfer them to 10-ml flasks, which contained 0.9 to 
1.0 ml. of medium. After 0.1 ml. of hormone solution or dis- 
tilled water as a control was added to each flask they were placed 
in a Dubnoff incubator and shaken at 36° for 2 or 3 hours. The 
gas phase was air or 95 per cent O.-5 per cent COs. 

The concentration of nonesterified fatty acids was determined 
on 0.5-ml. aliquots of the medium by the method of Dole (7). 


* Supported by grants from the American Cancer Society, the 
National Institute of Arthritis and Metabolic Diseases (A-1324), 
and by Contract No. DA-49-007-MD-134 with the Research and 
Development Division, Office of the Surgeon General, Department 
of the Army. 

t Eli Lilly Foreign Educational Fellow, Santiago, Chile. 

t American Diabetes Association Fellow, 1957-1959. 

1 The abbreviations used are: ACTH, adrenocorticotropic hor- 
mone (corticotropin); EDTA, disodium ethylenediaminetetra- 
acetic acid dihydrate. 


Tissue fatty acids were determined by the same technique after 
rinsing the samples of adipose tissue in distilled water and 
macerating them with a glass rod in the same extraction mixture 
used for the medium. All of the values on the same line in the 
tables came from the same rats. 

The following hormone preparations were used. 

Corticotropin: Wilson Laboratories. Oxycellulose-adsorbed 
ACTH, lot No. 102621, approximately 140 U.S.P. units per mg; 
lot No. 104529, approximately 130 U.S.P. units per mg. The 
hormone was dissolved in distilled, deionized water, refrigerated, 
and kept for no longer than 1 week. 

Epinephrine: Parke, Davis and Company. 
ride solution. One ml. containing 1 mg. of epinephrine hydro- 
chloride in 0.9 per cent NaCl solution was added to 0.1 ml. of 
0.1 N HCl and diluted to 10 ml. with distilled, deionized water. 
The lipolytic activity of this solution was not significantly differ- 
ent from that of the same concentration of the physiological 
isomer of epinephrine hydrochloride, now termed p( —)-epineph- 
rine (8), checked by chemical and biological assay, and it was 
stable for at least 1 week stoppered and refrigerated. 


Adrenalin chlo- 


RESULTS 


Earlier studies in this laboratory employed rat plasma as the 
incubating medium (2,3). The data recorded in Table I reveal 
that ACTH and epinephrine also exhibit lipolytic activity when 
adipose tissue is incubated in a Krebs-Ringer phosphate medium 
with human serum albumin as the fatty acid carrier. In the 
absence of hormones, imperceptible amounts of fatty acid are 
detectable in the medium or can be extracted from the tissues 
at the end of 3 hours of incubation. In contrast, addition of 
ACTH or epinephrine in quantities previously shown to be at 
least twice those necessary for maximal lipolytic activity in 
plasma, regularly induce fatty acid increments in the test medium 
and tissue. Addition of glucose to the medium diminishes fatty 
acid release in the control and in response to ACTH. Glucose 
inhibition of the epinephrine effect was not statistically signifi 
cant in this experiment, but is apparent in others (Table IJ). 
These results with glucose confirm an earlier report by Gordon 
and Cherkes (1). In general the concentrations of fatty acids 
in the tissues at the end of incubation parallel those in the media 
except that plasma picks up a greater proportion of the total 
fatty acids produced than do the artificial media. This differ- 
ence probably stems from the greater albumin concentration i 
the plasma. 
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TABLE I 
Relative activities of ACTH and epinephrine on adipose tissue 
incubated in three different media containing albumin 

The tissues were incubated for 3 hours in air. Plasma was ob- 
tained by exsanguinating pentobarbital-anesthetized, fasting rats 
via the abdominal aorta into heparinized syringes. The plasma 
had been pooled and frozen before use. Krebs-Ringer phosphate 
medium containing glucose and albumin contained NaCl, 0.127 m; 
KCI, 0.005 m; CaCl., 0.0027 mM; KH2POx,, 0.0013 m; MgSO,, 0.0013 
a; NasHPO, buffer (pH 7.4), 0.01 mM; human serum albumin,* 2 
gm., and glucose 100 mg. per 100 ml, Krebs-Ringer phosphate- 
albumin contained no glucose. N (number of observations) = 4 
foreach mean + standard error. The p values lie between the 
means compared. 





ACTH 


AC Epinephrine 
10 ug./ml. / 


10 wg./ml. 





Released into mediumt 





Plasma .| 0.03 + 0.065) 2.33 + 0.122) 1.92 + 0.193 
A oe eee act NS. <0.01 | <0.01 
KRP-glucose-albu- | 

re | 0.00 + 0.050) 1.14 + 0.076) 0.90 + 0.083 
P <j <0.05 <0.01 N.S. 


0.22 + 0.062) 1.53 + 0.035) 1.18 + 0.122 


Extracted from tissuet 


RT Aare tre ha 0.10 + 0.009) 0.72 + 0.101) 0.74 + 0.126 
KRP-glucose-albu- 
min. 0.18 + 0.045) 1.21 + 0.242) 1.01 + 0.158 


KRP-albumin.. 


0.21 + 0.013] 1.47 + 0.172) 1.33 + 0.147 








* Normal serum albumin (human) provided by the American 
Red Cross and packaged without a preservative by E. R. Squibb 
and Sons. 

t umoles of fatty acid per 100 mg. of adipose tissue. 
significant. 


N.S., not 


t KRP-glucose-albumin, Krebs-Ringer phosphate medium con- 
taining glucose and albumin. 


Evidence that the lipolytic action of the hormones is not 
dependent on the protein content of the medium is found in 
Table II. In this study the adipose tissue was incubated in 
protein-free media. No fatty acids could be detected in the 
media at the end of incubation. An even greater accumulation 
of fatty acids was measurable in the tissues in response to hor- 
monal stimulation than was the case when albumin was present 
inthe medium. This suggests that the albumin serves largely 
as a repository for the fatty acids in this system. 

The studies recorded in Table IT were also designed to explore 
the roles of calcium ion and glucose in the lipolytic action of 
ACTH and epinephrine. Omission of Ca++ from the Krebs- 
Ringer phosphate medium notably impaired the lipolytic re- 
sponse to ACTH but did not modify that to epinephrine, or the 
basal rate of lipolysis. The presence of glucose in the media 
again diminished the accumulation of fatty acids and further 
emphasized the inhibitory effect of calcium deprivation on ACTH 
action. 

In contrast to the above results, elimination of calcium from 
4 Krebs-Ringer bicarbonate medium did not modify the response 
toACTH. This held true irrespective of whether the system was 
gassed with air or 95 per cent oxygen-5 per cent CO». It seemed 
possible that the divergent responses to ACTH observed in the 
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TaBLe II 


Influences of calcium and glucose on lipolytic effects of 
ACTH and epinephrine 
Tissues were rinsed in the appropriate medium after excision, 
weighed, and incubated for 3 hours in air or in 5 per cent CO»-95 
per cent O2.. Krebs-Ringer phosphate as in Table I. KRP-glu- 
cose* contains glucose 100 mg. per 100 ml. in addition. No CaCl, 
was added to KRP-no calcium, KRP-glucose-no calcium, or KRB- 
no calcium. KRB contains NaCl, 0.118 m; KCl, 0.0047 m; CaClo, 
0.0025 m; KH2POx,, 0.0012 m; MgSO,, 0.0012 m; NaHCOs, 0.0249 m. 











Type medium | Control Ry | Epinephrine 
Incubated in air? 
KRP*¢ | 0.32 + 0.025)/2.37 + 0.160 | 1.57 + 0.060 


KRP-no calcium 
KRP-glucose 
KRP-glucose-no 
calcium | 0.21 + 0.032/0.34 + 0.0174) 0.81 + 0.136 
KRB*. | 0.32 + 0.072:0.67 + 0.081 | 0.80 + 0.010 
KRB-no calcium**.| 0.40 + 0.037/0.70 + 0.033 | 0.92 + 0.027 


| 0.32 + 0.028)1.19 + 0.1024) 1.87 + 0.159 
| 0.09 + 0.029)1.35 + 0.047 | 0.89 + 0.245 


Incubated in 5% CO2-95% Oz 
KRB 0.19 


+ 0.0441.77 + 0.250 | 1.21 + 0.170 
KRB-no calcium. ..| 0.38 + 0.017/1.49 + 0.050 | 1.52 + 0.170 





* Krebs-Ringer phosphate medium containing glucose. KRB, 
Krebs-Ringer bicarbonate. 

>’ Mean + s.e., umoles of fatty acid extracted per 100 mg. of 
adipose tissue. 

¢N (number of observations) = 4, except *N = 8 and **N =6. 

4The mean in italic is significantly different (p < 0.01) from 
the mean directly above it. 


two calcium free media might relate to different amounts of 
residual calcium in the tissues. Presumably, the medium of 
high phosphate concentration might form complexes with some 
of the tissue calcium, leaving a smaller portion of available cal- 
cium ion. The experiments recorded in Table III were designed 
to minimize the role of tissue calcium by chelating it with sodium 
EDTA before exposing the tissues to the hormones. 

Adipose tissue was preincubated for 1 hour in calcium-free 
Krebs-Ringer bicarbonate containing 100 mg. of glucose and 100 
mg. of sodium EDTA per 100 ml. Albumin was added so that 
any disparity between the production of fatty acids in the tissues 
and their release into the medium could be detected. At the end 
of the hour the tissues were transferred to flasks containing fresh 
medium for a further 2-hour incubation. Where indicated CaCl, 
MgCle, or KCl and the hormones were added. The quantities of 
CaCle and MgCl. added were in excess of those which would be 
expected to combine with the EDTA present. Data from the 5 
groups of experiments are recorded in detail to demonstrate (a) 
the close parallel between the levels of fatty acids in the tissues 
and media at the end of incubation, and (b) the uniformity of the 
data in contrast to other studies in which the calcium content was 
not controlled as rigorously. The consistency of the results is 
particularly apparent in the first, third and fifth columns, record- 
ing, respectively, the control rates of lipolysis and the responses 
to ACTH and epinephrine. In each case five individual experi- 
ments with four observations for each were done with remarkably 
similar results in medium and tissue. ACTH was uniformly 
inactive in the calcium-depleted system while epinephrine pro- 
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Tasie III =e 
Effect of EDTA on lipolytic activities of ACTH and epinephrine and modifying influence of metal salts not 
Tissues were rinsed in KRB-glucose,* weighed, and preincubated for 1 hour in1 ml. of KRB-glucose made up without CaCl2, contain- | gue 
ing in addition 2 gm. of bovine plasma albumin? and 100 mg. of EDTA per 100ml. The tissues were then transferred to flasks contain- ] yo 
ing 0.9 ml. of fresh medium and additions made as noted to a volume of 1 ml. for the final 2-hour incubation. Additives were Ca-CaCl,, | 
2.4 upmoles; Mg-MgClz, 2.3 uymoles; K-KCl, 3.8 ymoles; 5K-KCl, 19.0 umoles; 10OK-KCI, 38.0 umoles. All incubations were carried out t 
under 5 per cent CO,-95 per cent Oz. _ 
No additions Cation only ACTH only | Cation and ACTH | Epinephrine only Cation and epinephrine tua 
Line res 
| Released into medium AC 
| Cate Ca Ca bs 
1 | 0.21 + 0.120 | 0.34 + 0.065 0.13 + 0.120 | 2.31 + 0.3384 | 1.87 + 0.321 2.19 + 0.168 wh 
| Mg Mg Mg not 
2 | 0.03 + 0.037 0.06 + 0.038 0.11 + 0.036 1.88 40.177 | 2.01 + 0.158 1.62 + 0.172 stu 
K K K did 
3 | 0.05 + 0.001 0.13 + 0.054 0.14 + 0.050 0.11 + 0.053 1.48 + 0.184 1.71 + 0.166 wa. 
5K 5K 5K int 
4 | —0.03 + 0.027 0.02 + 0.029 0.02 + 0.054 0.05 + 0.089 2.01 + 0.116 2.32 + 0.4658 by 
10K 10K 10K the 
5 | 0.15 + 0.038 0.07 + 0.017 0.10 + 0.037 0.10 + 0.042 2.23 + 0.268 1.59 + 0.266 tha 
| : i tio! 
| Extracted from tissue toi 
| Ca*e | Ca Ca i 
1 | 0.16 + 0.003 0.19 + 0.039 0.18 + 0.014 1.16 + 0.103 1.43 + 0.105 1.46 + 0.086 
Mg Mg Mg wel 
2 | 0.12 + 0.017 0.14 + 0.020 0.09 + 0.014 0.92 + 0.142 | 1.48 + 0.2383 1.08 + 0.161 hot 
K K K ap 
3 0.18 + 0.003 0.16 + 0.016 0.144 0.019 | 0.1464 0.015 | 1.28 + 0.200 1.37 + 0.240 adc 
| 5K 5K | | 5K Wa 
4 | 0.11 + 0.003 0.12 + 0.013 0.13 + 0.020 0.183 40.017 | 1.06 + 0.108 1.11 + 0.062 spc 
10K 10K | 10K ue 
5 | 0.16 + 0.037 0.12 + 0.003 0.13 + 0.001 0.14 + 0.019 1.18 + 0.097 0.82 + 0.163 In 
* Krebs-Ringer bicarbonate medium containing glucose. - 
> Crystallized bovine plasma albumin, Armour Laboratories, Lot No. S68108. unl 
¢ N (number of observations) = 4, except *N = 3. Mean-+s.e. All values are umoles of fatty acid per 100 mg. of adipose tissue — &XE 
4 Means significant (p < 0.01) over ‘‘No Additions” are in italic. Concentrations of hormones as in Table I. act 
eXxy 
per 
cal 
TaBLe IV to | 
Effect of preincubating adipose tissue in medium free from calcium and potassium on activities of ACTH and epinephrine* res 
Tissues were rinsed in NaCl 0.133 M-NaHCO; 0.0148 m-glucose 100 mg. per 100 ml. (pH 7.4), trimmed into 50-mg. portions, and then | pot 
preincubated at 36° for 1 hour in 1 ml. of the same medium. The tissues were then transferred to flasks containing 0.9 ml. of fresh 7 
medium and additions were made as noted to a volume of 1 ml. for the final 2-hour incubation. Ca, Mg, K, and 5K as in Table IIL. pot 
Incubations performed under 5 per cent CO,-95 per cent Ox. cal 
Line No additions Cation only ACTH only | Cation and ACTH | Epinephrine only | Cation and epinephrine N - 
| rin 
Ca | Ca | Ca 
1 0.11 + 0.000 0.07 + 0.016 0.44 + 0.179 | 1.71 + 0.303t° | 1.50 + 0.300 1.59 + 0.170 | 4 
Mg Mg Mg*¢ | ‘ 
2 0.12 + 0.012 0.11 + 0.012 0.36 + 0.107 | 0.835 + 0.057 | 1.23 + 0.029 1.04 + 0.108 | 4 AC 
K | a ccipi | K | bee 
3 0.11 + 0.002 0.11 + 0.008 | 1.09 + 0.168 | 1.97 40.304¢ | 1.72 40.147 | 2.25 40.135 | 6 de 
K K*e K 3 
4 0.12 + 0.013 0.10 + 0.014 0.25 + 0.053 | 0.264 0.095 | 1.37 + 0.177 1.90 + 0.330 z = 
5K | 5K 5K | va 
5 0.12 + 0.005 0.12 + 0.003 | 0.65 + 0.070 1.438 + 0.192t | 1.20 + 0.080 2.08 + 0.196t | 4 " 
1 
* Values are umoles of fatty acid per 100 mg. of adipose tissue, mean + s.e. cal 
> Means significant (p < 0.01) over ‘“‘No Additions” are italic. Concentrations of hormones as in Table I. +, Means significant | [f ; 
(p < 0.02); ¢, means significant (p < 0.05), compared to corresponding experiment without added cation. act 
¢*N (number of observations) = 3, **N = 5. per 
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moted brisk lipolytic activity in every case. In other studies, 
not recorded in Table III it was found that incubation of the tis- 
sue with calcium EDTA in place of sodium EDTA did not pre- 
vent the ACTH effect. 

Addition of CaCl, MgCls, or KCI had no influence on the basal 
rate of lipolysis. Both calcium and magnesium restored the 
ACTH effect while KCl, even at high concentration was ineffec- 
tual. None of the salts had a measurable effect on the lipolytic 
response to epinephrine. These influences of cations on the 
ACTH action on adipose tissue are comparable to those reported 
by Péron and Koritz (6) for adrenal steroidogenesis with respect 
to calcium but not magnesium and potassium. Magnesium did 
not substitute for calcium in the latter’s experiments and potas- 
sium had some stimulating action. Péron and Koritz, however, 
did not use EDTA in their studies and employed a medium which 
was free of calcium and potassium. It seemed conceivable that 
in the present work the magnesium effect might have been exerted 
by displacement of calcium from the EDTA. For this reason 
the experiments were repeated with the use of a design similar to 
that of Péron and Koritz. Tissue potassium and calcium deple- 
tion was sought by preincubation of the tissue in a medium con- 
taining sodium as the only cation prior to exposure to the hor- 
mones and addition of other cations. 

The results of this study are seen in Table IV. The tissues 
were preincubated in a NaCl-NaHCO;-glucose medium for 1 
hour and then transferred to a fresh medium. After addition of 
appropriate hormones and salts, the tissues were incubated for an 
additional 2 hours before the fatty acid content of the tissues 
was analyzed. Glucose was employed in the medium to reduce 
spontaneous lipolysis to a minimum. In order to avoid possible 
calcium contamination, no albumin was added to the medium. 
In contrast to the previous study, the response to ACTH after 
preincubation was irregular, probably reflecting less effective and 
uniform depletion of calcium than was achieved in the EDTA 
experiment (Table III). Addition of CaCl, restored ACTH 
activity whereas MgCl. was now without effect, supporting the 
explanation given above for the MgCl. effect in the previous ex- 
periment. When the tissues were presumably well depleted of 
calcium and unresponsive to ACTH (Line 4) they did not respond 
to the addition of KCl. However, when a small but significant 
response to ACTH occurred (Lines 3 and 5), addition of KCl 
potentiated the reaction to ACTH. 

The lipolytic response to epinephrine occurred in the calcium- 
potassium-free medium and was not modified by the addition of 
calcium or magnesium ions. Restoration of potassium to the 
medium, however, appeared to potentiate the effect of epineph- 
rine somewhat. 


DISCUSSION 

These studies demonstrate that calcium ion is required for 
ACTH to exert a lipolytic action on adipose tissue, just as has 
been reported necessary for this hormone to induce maximal 
stimulation of steroidogenesis by adrenal gland slices (5, 6). A 
similar requirement has been found here for the action of highly 
purified corticotropin Ai, from Dr. H. B. F. Dixon of Cambridge, 
on lipolysis and on carbohydrate metabolism (9) in adipose tissue. 
This contrasts with the independence of epinephrine from the 
calcium requirement for lipolysis, as well as glucose uptake (9). 
It indicates that the need for calcium relates specificially to the 
action of the hormone, ACTH, and not to the process of lipolysis 
per se in the adipose tissue. A reasonable conjecture would be 
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that calcium may be needed for ACTH to attach to the cell 
membrane of the target tissue. Experiments to test this possi- 
bility are in progress. The similarity in requirements for ACTH 
action on adipose tissue and adrenal cortex gives additional 
though indirect support to the concept developed elsewhere that 
the extraadrenal actions of ACTH represent in fact actions of 
this hormone and not those of a contaminant (3, 4). 

The results obtained with ACTH in the washed, calcium- and 
potassium-depleted adipose tissue agree in other respects with 
those obtained by Péron and Koritz with adrenal gland slices. 
Magnesium did not restore ACTH activity under these condi- 
tions, as it did in the EDTA-treated tissues, making it probable 
that the latter effect was due to displacement of calcium from 
EDTA by magnesium. Potassium in relatively high concentra- 
tion was found to substitute for calcium in restoring ACTH ac- 
tivity in the washed, calcium- and potassium-depleted adrenal 
slices and adipose tissue. Our data, however, suggest that po- 
tassium has a stimulating action only when the adipose tissue is 
presumably incompletely depleted of calcium and still capable 
of showing a small response to ACTH. Furthermore, potassium 
also seemed to potentiate the response to epinephrine in samples 
of that adipose tissue which was thought not to be completely 
freed from calcium. Added potassium had no significant effect 
on the lipolytic response to epinephrine of adipose tissue which 
was freed from calcium by EDTA and not depleted of potassium. 
Since the potassium effect seemed to relate more to the state of 
the tissue than to the hormone used it appears to be less specific 
than is the role of calcium in modifying ACTH action. 

Schénbaum et al. (10) have found ACTH to be less active in 
adrenal slices incubated in media with a great excess of potassium 
and low sodium. Since both deficiency and excess of potassium 
inhibit ACTH activity, it would seem likely that effects of po- 
tassium observed in our experiments and those of Péron and 
Koritz represent tissue potassium replacement rather than a 
specific action of potassium ion on hormone activity. 

Glucose reduces the accumulation of fatty acids in adipose 
tissue and medium both in the presence and absence of hormones. 
Our data throw no light on the locus of action of glucose. A fair 
presumption would be that glucose acts by accelerating triglycer- 
ide synthesis rather than by inhibiting adipose tissue lipase. 
Glucose enhances the steroidogenic response to ACTH in adrenal 
slices (10), presumably by making available additional substrate 
for the hexose monophosphate shunt pathway (11). Although 
an analogy has been suggested for the lipolytic action of ACTH 
in adipose tissue and lipid depletion in the adrenal cortex (4), 
this cannot be extended to the glucose effect on ACTH action in 
the two tissues. It is of interest, however, that ACTH has been 
recently shown to activate phosphorylase in both adrenal slices 
(12) and adipose tissue (13). Epinephrine and glucagon share 
this latter activity (13). Additional data on the comparative 
metabolic actions of ACTH on the adrenal cortex and adipose 
tissue are clearly needed. 


SUMMARY 


Similarities and differences in the lipolytic activities of adreno- 
corticotropic hormone and epinephrine on rat adipose tissue in 
vilro are presented. Both hormones induce accumulation of fatty 
acids in adipose tissue incubated with or without albumin in the 
medium, but no fatty acids are released from the tissue unless 
albumin is present. Procedures designed to deplete the tissues 
of ionized calcium diminish or abolish the lipolytic effect of 
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adrenocorticotropic hormone but not that of epinephrine. Cal- 
cium, but not magnesium or potassium, restores the activity of 
adrenocorticotropic hormone on calcium-depleted tissues. The 
calcium requirement is therefore identified with adrenocortico- 
tropic hormone rather than the lipolytic process, and resembles 
the reported calcium requirement for adrenocorticotropic hor- 
mone action on the adrenals. Glucose inhibits the lipolytic 
effects of both hormones. Possible explanations for these effects 
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are suggested and parallels are drawn between adrenal and adi- 
pose tissue responses to adrenocorticotropic hormone. 
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It was found previously that the administration of choline to 
rats maintained on low casein diets enhanced the ability of liver 
preparations to oxidize isotopic fatty acids added in vitro (3). 
Since this effect was generally accompanied by a lower fat content 
and by an increased level of lipide choline, the possibility of a 
relationship between the synthesis of lecithins and the metabo- 
lism of fatty acids in the liver suggested itself. Accordingly, in 
subsequent experiments (1, 2) we have studied comparatively the 
lipide composition and the rate of fatty acid oxidation in the 
livers of rats, given substances which might be expected to inter- 
fere, directly or indirectly, with the synthesis of choline, or 
of choline-containing phospholipides. Among the substances 
tested, the ethyl analogue of methionine, ethionine, given by 
injection in large doses to female rats, induced a marked inhibi- 
tion of the oxidation in vitro of fatty acids with increases in 
liver fat, but without significant decreases in the level, or in the 
tate of the synthesis of liver lecithins in vivo. A more complete 
documentation and a further elaboration and extension of these 
findings are presented here. 


EXPERIMENTAL 


Animals—In most experiments two to six female rats (Rock- 
land Farms), raised on a stock diet to a weight of 120 to 150 gm., 
were treated essentially as described by Jensen et al. (4). Only in 
a few experiments, for the purpose of comparison, one or two 
male mature rats (180 to 225 gm.) were also used. The animals 
received four intraperitoneal injections spaced at 2.5-hour in- 
tervals, each injection consisting of 2.5, or 3 ml. of solution per 
100 gm. of body weight. The solutions injected were: pDI- 
ethionine 2 per cent; or pt-ethionine 2 per cent and choline 
chloride 0.96 per cent; or pL-ethionine 2 per cent and pL-methio- 
nine 1.83 per cent; or NaCl 0.9 per cent. After the first injec- 
tion, food was withdrawn and, 24 hours later, the rats were 
killed by decapitation, and the livers were rapidly removed. In 
the experiments on the incorporation of P® into liver lipides, 24 
hours after the first injection of the solutions mentioned above, 
the rats were given one intraperitoneal injection of a solution 
of sodium phosphate pH 7.4 containing 4 to 5 ue. of P®, and 
were killed either 2.5 or 6 hours later. In the experiments on 


*Work done under Contract AT-(40-1)-1638 with the United 
States Atomic Energy Commission. The isotopic compounds 
Were obtained from commercial sources on allocation from the 
United States Atomie Energy Commission. Preliminary reports 
have appeared (1, 2). 

‘Occasionally, some of the rats were injected with a 2 per cent 
solution of L-ethionine. 





the effects of the addition in vitro of ethionine, female rats were 
fasted 24 hours and killed without any prior treatment. 
Incubation Experiments—The liver samples were chilled and 
homogenized in a Potter-Elvehjem homogenizer with Krebs- 
Ringer-phosphate pH 7.4, from which Ca had been omitted, 
and the homogenate was brought to a definite volume (usually 
8 ml. for 1 gm. of tissue). In the experiments in which the 
activities of the livers of animals injected with various solutions 
were compared, two, or three, experimental flasks and one con- 
trol flask (containing the tissue homogenate previously main- 
tained in a boiling water bath for 10 minutes) were prepared from 
-ach liver homogenate, all flasks being incubated simultaneously. 
In most cases the incubation medium contained for a total 
volume of 6 ml. of Ca-free Krebs-Ringer-phosphate, 3 ml. of 
liver homogenate, 3 mg. each of penicillin G and dihydrostrepto- 
mycin, 12 umoles of ATP, and 1 ml. of an emulsion of stearate- 
1-C', containing 1 to 2 umoles and 1 to 2 we. In part of the 
flasks used in certain experiments, emulsions or solutions of other 
fatty acids (all labeled in the carboxyl, except pyruvate-2-C") 
were substituted for the stearate emulsion. In the experiments 
on the effects in vitro of ethionine and various cofactors, the 
composition of the incubation medium was modified as indicated. 
The stearate emulsion was prepared as described (3), except for 
the addition of Tween-20, 0.3 mg. per ml.2. The flasks used for 
incubation were similar to those described by Chernick et al. (5), 
and were shaken in a Warburg bath at 37° with air as the gas 
phase. After 3 hours, the H.SO, was tipped from the side arm, 
and the flasks shaken for 20 additional minutes. The respiratory 
CO: was trapped by NaOH on the filter paper in the center well, 
washed out from the paper, and, after addition of carrier Na- 


HCOs, was precipitated as BaCO;.* The content of the main 


2 Although this addition inhibited somewhat the oxidation of 
fatty acids, in the presence of Tween the stearate emulsion was 
finer and more stable, and the results of the determinations carried 
out on duplicate or triplicate flasks were much more consistent. 

3 In a few experiments, before the addition of carrier NaHCO;, 
the BaCO; was determined by titrating the solution from pH 8 
to pH 5 with 0.01 n HCl. The titration figures were small and 
therefore probably subject to a rather large experimental error. 
With this reservation, no significant differences were apparent in 
the amounts of CO: produced by female rats receiving ethionine, 
or the mixture of ethionine and methionine, respectively, the aver 
age figures being 42 (range, 19 to 65) and 41 (range, 28 to 53) 
umoles per gm. of liver. In contrast, the average figures of the 
CO» production by the same livers were 1000 and 14,000, respec- 
tively. This discrepancy between the analytical and the isotopic 
values was not unexpected, since the amounts of fatty acid oxi- 
dized were minimal and the CO, titration values are essentially 
the reflection of the endogenous respiration of the homogenates. 
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TaBLe I 
Lipide composition of the livers of female rats injected with ethionine and/or other substances 






































Per liver of a 100-gm. ratt Per mg. N of livert 
Substances injected Phospholipides Phospholipides 
in vivo 
Tissue weight Total N “Fat” “Fat” | _ o- 
Total Choline-containing | Total | Bn 
gm. mg. mg. mg. mg. % of total | mg. mg. mg. 
Ethionine (14) 4.86 + 0.15 | 180 + 2.9] 355 + 324/163 + 5.5 |72.0 + 4.4/45.0 + 2.7/2.68 + 0.27$/1.23 + 0.0410.56 + 0.4 
Ethionine + cho- |4.63 + 0.27 | 122 + 5.7) 438 + 834/159 + 14.4/63.2 + 9.0/40.4 + 2.6/3.12 + 0.74t/1.20 + 0.11/0.49 + 0.06 
line chloride (7) | | | | 
Ethionine + me- /4.26 + 0.13 | 1388 + 3.6) 101 + 15 |156 + 4.4 /71.8 + 2.5/46.4 + 0.60.59 + 0.05 |1.11 + 0.02/0.52 + 0.01 
thionine (13) | | | 
NaCl (6) 3.94 + 0.20 | 120 + 8.8) 114 + 31 {122 + 6.9 48.6 + 3.0/43.2 = 1.20.70 + 0.17 (0.99 + 0.0on.4 + 0.03 





* Number of experiments in parentheses. 


+ Average values, followed by the standard errors of the means. 


t Significantly different from the corresponding values of the rats receiving both ethionine and methionine (p < 0.05) 


TaBLeE II 


Incorporation of P**-phosphate into the liver lipides of rats injected 
with ethionine and/or other substances 


























Time after P# 
Sex —— 2.5 hours | 6 hours 
tm vtv0 
sally. | Sascle, | Radi. | specie activi 
F | Ethionine 187 21.9 + 2.3 '331 57.2 + 6.9 
+ 16f/(18.2 + 3.3)| +t 27) (51.3 + 6.7) 
F | Ethionine + |220 24.2 309 36 
choline (22.8) | | (31) 
chloride 
F | Ethionine + |123 + 6) 21.1 + 2.2 (318 |} 483.0 + 4.0 
methio- (21.5 + 2.1)| + 14) (33.1 + 3.3) 
nine 
F | NaCl 158 23.2 |296 45.2 
(22.8) (48.7) 
M | Ethionine 152 17.2 + 1.9 | 
(15.4 + 2.0)| | 








* Counts in the lipides of the whole liver, expressed as per cent 
of the counts injected X 10?. 

t Radioactivity per mg. of P in the lipide extract. Figures in 
parentheses are the specific activities of the P in the choline-con- 
taining phospholipides. 

t Values followed by + are the averages of results obtained on 
the livers of three, or four rats, and are accompanied by the stand- 
ard errors of these means. The other data are results obtained 
from one rat only. 


compartment was washed in a graduated 50-ml. centrifuge tube 
and, after precipitation of the proteins, it was brought to volume, 
centrifuged, and filtered. On a portion of the filtrate, acetoace- 
tate was decarboxylated with aniline citrate (6) and the resulting 
CO. was aerated into NaOH and precipitated as BaCO;. The 
radioactivity was determined on the BaCO; precipitates ob- 
tained from the respiratory CO. and from the acetoacetate, the 
counts of the latter material being doubled, on the assumption of 
an even distribution of C™ between the carboxyl C and car- 
bonylC. Counts were corrected for background, for self-absorp- 
tion, and for the very small radioactivity of the products isolated 
from the control flasks. Since the radioactivity of the isotopic 


substrates introduced in each flask has varied somewhat in the 
various experiments, the actual counts were recalculated for a 
uniform initial radioactivity of the substrate (10‘ c.p.m. per 
flask). 

Incorporation of P® into Liver Lipides—In these experiments, 
an aliquot of the chloroform solution of liver lipides (see below) 
was shaken with solid Na2sHPO, and the radioactivity of the 
total phospholipides was determined on the supernatant. From 
another aliquot of the lipide extract, the solvent was evaporated, 
the residue was redissolved in methanol, and the noncholine- 
containing phospholipides were adsorbed on MgO, according to 
Taurog et al. (7). The P* and P® contents of the unadsorbed 
choline-containing phospholipides were determined. In Table 
III, the radioactivities are given as counts in the lipides of the 
whole liver per 10‘ of counts injected. Specific activities are the 
radioactivity values per mg. of lipide P. 

Liver Lipide Analysis—From a sample of the liver or from a 
portion of the liver homogenate, lipides were exiracted with 
alcohol, alcohol-ether, and chloroform. On aliquots of the 
chloroform solution, ‘‘total lipides” (weight of the chloroform 
extract), total phospholipides (mg. of P x 25) and choline-con- 
taining phospholipides (mg. of choline x 6.7) were determined 
(8). Liver “fat’’ was calculated as the difference between the 
total lipide and total phospholipide values and therefore such 
values include also cholesterol and other unsaponifiable sub- 
stances besides neutral fats. 

To minimize the effects of differences in the weights and in the 
water, protein, and fat contents of the livers of rats treated dil- 
ferently, isotopic and analytical values have been recalculated 
per mg. of N of tissue, as well as for the whole liver of a 100-gm. 
rat. A comparison between these two methods of expressing 
our results has been made in Tables I and III. For more detail 
on the isotopic and analytical procedures, the reader is referred to 
previous papers (3, 8, 9). 


RESULTS 


In agreement with previous findings (10, 4), the fraction indi 
cated as “fat” was significantly higher in the livers of femal 
rats injected with ethionine alone, than in the livers of rats re 
ceiving both ethionine or methionine, or sodium chloride solt- 
tion only. Administration of choline along with methionine did 
not lower the fat content of the liver. On the other hand, there 
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Tase III 
Oxidation of stearate-1-C'* in liver homogenates from female rats injected with ethionine and/or other substances 
| C™ from stearate-1-C'f 
Substances injected in vivo* Per liver of a 100-gm. rat Per mg. N of liver 
COz | Acetoacetate Total CO: Acetoacetate | Total 
| 
| c.p.m. | c.p.m. c.p.m. C.p.m. C.p.m. c.p.m. 
Ethionine (13) 4,560 + 1,120 | 1,970 + 600t 6,530 + 1,720f 36 + 9.5 16+ 4.6 | 52 + 13.4f 
Ethionine + choline chlo- 1,060 + 250f 430 + 140} 1,490 + 380$ | 9+ 1.9f | 3+ 0.9f 12 + 2.7} 
ride (5) 
Ethionine + methionine | 29,720 + 2,480 | 16,530 + 1,210 46,250 + 1,780 | 217 + 18.3 122+9.7 | 339 + 14.7 
(11) | } | } 
NaCl (5) | 25,000 + 2,640 | 18,230 + 1,800 | 43,230 + 3,650 | 219 + 28.7 | 172 + 34.1 | 391 + 54.4 
| | | 





* Number of experiments in parentheses. 


+ Average values, followed by the standard errors of the means. See text for the methods used in correcting and expressing the 


individual values. 


{ Significantly different from the corresponding values of rats receiving both ethionine and methionine (p < 0.05) 


were no significant differences in the amounts of total, or choline- 
containing phospholipides of the various groups of our animals. 
It should be noted also that similar conclusions can be reached 
whether the analytical data are expressed for the whole liver of 
a 100-gm. rat, or for 1 mg. of tissue N (Table I). 

The results of Table II indicate that within the rather wide 
range of individual variations, the administration of ethionine 
does not interfere appreciably with the synthesis of total phos- 
pholipides, as estimated from the incorporation of P® into liver 
lipides. These results are at variance with those of Olmsted (11) 
who reported a decrease in the incorporation of P* into liver 
lipides shortly after injection of a single dose of ethionine. Under 
the conditions of the present experiments and subject to some 
reservations concerning the reliability of the method which we 
have used for the separation of the choline-containing phospho- 
lipides (9), it would seem that also the synthesis of the latter 
fraction is not materially affected by ethionine. 

However, from the data of Table III, it is apparent that the 
administration of ethionine to female rats is followed by very 
considerable decreases in the amounts of isotopic CO2 and aceto- 
acetate produced from stearate-1-C" in liver homogenates. The 
decreases are statistically significant, irrespective of the method 
used in calculating the values (per liver of a 100-gm. rat, or per 
mg. of N), and are completely prevented by injecting into the 
animals methionine along with ethionine (molar ratio, 1:1). 
Injections of choline along with ethionine (molar ratio, 0.5:1) 
were totally ineffective. 

The results of a few experiments in which, besides stearate, 
other fatty acids with shorter carbon chains, including acetate 
and pyruvate, were used as isotopic substrates, are exemplified 
in Table IV. It seems that production of CO. and acetoacetate 
from these substrates is also inhibited in the livers of ethionine- 
treated female rats, and that the inhibition is uniformly relieved 
by the administration of methionine. 

On the other hand, the addition in vitro of ethionine (up to a 
concentration 3 * 10-* m) did not affect stearate oxidation in 
the livers of female rats, whether or not methionine also had 
been added to the incubation medium (Table V). 

It has been suggested that most of the effects of the adminis- 
tration of ethionine could be explained by a depletion of ATP as 
the result of an extensive synthesis of ‘“adenosylethionine” 


TaBLeE IV 
C40. and C'4-acetoacetate production from various substrates in 
liver homogenates of female rats injected with ethionine, 
or ethionine and methionine 

Values per liver of a 100-gm. rat. The specific activities in 
millicuries per mmole of the substrates added to the flasks were: 
stearate-1-C'*, 1.00; laurate-1-C', 0.33; hexanoate-1-C'™, 0.33; 

acetate-1-C'™, 0.50; and pyruvate-2-C™, 0.125. 
































; y | | C™ from substrate 
Experi- Substances Liver Isotopic = | ——______ 
- 4 injected in vivo “fat’’| substrate : | bedi 
| CO: | acetate | Total 
| mg. c.p.m. | C.p.m. c.p.m 
27 (a) | Ethionine | 382 | Stearate 630 470 | 1,100 
Laurate 4,800 | 900) 5,700 
Hexanoate| 5,800 | 1,300| 7,100 
(b) | Ethionine + | 119 | Stearate 18,050 | 7,350 | 25,400 
| methio- | Laurate | 22,100 | 12,900 | 35,000 
nine Hexanoate}] 53,100 | 29,500 | 82,600 
29 (a) | Ethionine | 405 | Stearate 550 410 960 
| Acetate 4,500 | 5,550 | 10,050 
Pyruvate 5,850 | 3,850) 9,700 
(b) | Ethionine + | 168 | Stearate 9,500 | 6,200 | 15,700 
| methio- Acetate 29,300 | 26,900 | 56,200 
| nine Pyruvate | 26,800 | 14,600 | 41,400 
(12,13). As shown by the data of Table VI, the addition in vitro 


of ATP induces a stimulation of fatty acid oxidation which is 
proportionally greater in the livers of ethionine-treated animals. 
However, even in the presence of ATP, these livers oxidize fatty 
acids much more slowly than the livers of rats which have been 
protected by the simultaneous injection of methionine. Like- 
wise, additions in vitro of DPN or CoA (alone, or together with 
ATP) were not effective in this respect. 

Under the acute conditions of our experiments, there was no 
apparent difference in the effects of equal doses of pL- and of L- 
ethionine either on the fatty oxidation in vitro or on the degree 
of fat infiltration in vivo (Table VII). The latter finding is in 
agreement with that reported by Jensen et al. (4). 

The results of Table VIII, besides confirming previous observa- 
tions of a marked sex difference in the induction of fatty livers 
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TABLE V 
Effect of the addition in vitro of ethionine and/or methionine on the 
oxidation of stearate-1-C' in liver homogenates 
from untreated female rats 
Values are the averages of the results obtained from duplicate 
(or triplicate) flasks in two individual experiments (Nos. 19 and 
21). 





Additions in vitro | CO: from stearate-1-C™* 
| 














pt-Ethionine? | Methionine® Experiment 194 Experiment 21° 
| | c.p.m. | c.p.m. 

None - 6400 5630 
None + 6050 5130 

0.5 X 10? _ 8850 

0.5 X 10 | + | 6950 
1 xX 10"? - 8000 4830 
1x10? =| + 6500 5350 
2x 0 - 5540 
2x107 | + | 4850 
3 X 10°? _ 5200 
3X 10°? + | 


| 5460 





@ Per gm. of liver. 

> Molar concentration in the flasks. 

¢ Molar concentration in the flasks: in Experiment 19, L-me- 
thionine 0.5 X 10-2 m; in Experiment 21, pt-methionine, 2 X 107? 
M. 

4 Homogenate prepared from the pooled livers of two female 
rats, maintained on a stock diet, then fasted for 24 hours. Final 
body weights: 101 gm. and 105 gm. 

¢ Homogenate prepared from the liver of one female rat, fasted 
for 24 hours. Final body weight: 250 gm. 


by ethionine (10, 14), show that the striking inhibition of fatty 
acid oxidation in the livers of female rats receiving ethionine is 
not demonstrable in the livers of mature male animals treated 
in a similar manner, 


DISCUSSION 


As shown previously under conditions similar to those of our 
present experiments in vitro, the oxidation occurs at the expense 
of the added fatty acid (2), and apparently there is little or no 
isotope dilution of the substrate by the variable amounts of 
neutral fat found in the tissue (3). The possibility that different 
levels of unesterified stearate might have been present in the 
livers of rats treated differently cannot be excluded a priori. 
However, it is unlikely that these differences could explain the 
differences in the production of C“O, and C"-acetoacetate from 
C-stearate, since similar results have been obtained for the 
oxidation of shorter chain fatty acids, such as laurate or hexano- 
ate, which are probably absent, or present only in traces in 
tissues. It appears, therefore, that the observed differences in 
the amounts of C“O. and C'-acetoacetate produced during the 
incubation actually reflect differences in the rate of fatty acid 
oxidation, and that this process is markedly inhibited in the 
livers of female rats receiving ethionine. The inhibition 
totally prevented by the simultaneous administration of methio- 
nine, but no such protection was demonstrable for choline in the 
amounts used. As reported earlier (10, 4), the fatty infiltration 
also is not relieved, or perhaps it is enhanced (15), by choline. 
There is, therefore, little doubt that the alterations of fatty 
acid metabolism induced by ethionine are not due to the rapid 


is 
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TaBLe VI 

Effects of the addition in vitro of ATP, ATP + DPN, or ATP + 

CoA on the oxidation of stearate-1-C'* in liver homogenates 

from female rats injected with ethionine, or ethionine 
and methionine 

Values are the averages of the results obtained from duplicate, 
or triplicate, flasks in two individual experiments (Nos. 29 and 
39) and are expressed as counts per minute per gm. of liver. 

The basic incubation medium had the composition described 
in the text, but for the omission of ATP. 








Additions in vitro” 


Experi- | 











| Substances injected Products of P maa 
Noe in vivo panne nee + F Picts aTp + |ATP + 
| | | None ATP |‘ DPN CoA + 
| \cysteine 
| c.p.m. c.p.m c.p.m c.p.m. 
29 (a) | Ethionine | CO, 130; 330 | 385 
| | 400° 4504 
(b) | Ethionine “ CO, 6,300) 7,040 |7,730 
methionine | 6, 800¢ |7 ,5004 
39 (a) | Ethionine | COz 189} 950 668 
Acetoace- 142) 335 707 
| | tate 
| Total C™ 331) 1,285 1375 
(b) | Ethionine + | CO; 8,000) 9,400 7270 
methionine | Acetoace- | 3,300) 2,750 | 1820 
tate 
| Total C" 9090 


11,300)12, 150 





“In both experiments, each homogenate was prepared from 
the pooled livers of two female rats injected as indicated. 
body weights varied between 105 and 125 gm. 

» Except where noted, the final concentrations of the cofactors 
added were: ATP 1.5 X 10°? m, DPN = 0.25 X 10°? m, CoA 
(70 per cent pure) = 0.25 X 107° M, and cysteine-HCl = 2 X 10° 
M. 
¢ Added: ATP = 3 X 10-* M (final concentration). 

4 Added: DPN = 0.5 X 10-* m (final concentration). 


Final 


TaBLe VII 


Oxidation of stearate-1-C'4 in liver homogenates from female rats 
injected with L-ethionine, pL-ethionine, or 
pui-ethionine and pL-methionine 


Experiment CO: from 


a Substances injected in vivo Liver ‘‘fat’’* steal 
mg c.p.m. 
32 (a) | L-ethionine 407 1,240 
(b) L-ethionine 425 979 
(c) L-ethionine 437 924 
(d) pL-ethionine 343 862 
(e) DL-ethionine + pL-methio- 74 17 ,620 


nine 
* Values per liver of a 100-gm. rat. 


development of a choline deficiency.‘ This interpretation § 
further corroborated by the finding that, unlike the livers 0 
choline-deficient rats, the livers of our ethionine-treated animak 
did not exhibit any significant decrease in the level of choline 
containing phospholipides. 


4 This statement applies only to the ‘‘acute’’ conditions of ow 
experiments. After prolonged administration of ethionine addeé 
to the diet, the effects of a chronic choline deficiency may become 
apparent and can be reversed by either methionine or choline 
(see, for instance, Salmon and Copeland (16)). 
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In dogs fed ethionine over a period of several weeks, Feinberg 
et al. (17) and Furman et al. (18) observed a progressive decrease 
in all lipide and lipoprotein fractions of blood serum, and sug- 
gested that the fat infiltration of the liver was due to a decreased 
mobilization of lipides, possibly because of an impaired synthesis 
of the lipide-carrying proteins. If it were permissible to extend 
the results of our experiments in vitro to the condition of the 
animals in vivo, the inhibition of fatty acid oxidation should be 
regarded also as an important factor for the rapid accumulation 
of fat in the livers of ethionine-treated female rats. 
No impairment of fatty acid oxidation was noted when 
ethionine was added directly to liver homogenates, a finding 
which may be compared with the reported ineffectiveness of 
ethionine tested in vitro on several enzymatic systems (trypto- 
phan peroxidase (14), benzopyrene hydroxylase (19), incorpora- 
tion of amino acids into the proteins of liver microsomes (20)).° 
It seems likely that the ethionine effect which we have observed 
is due to an interference with the synthesis, rather than with 
the functioning of some enzymes (or coenzymes) directly or 
indirectly involved in the oxidation of fatty acids. 
On the other hand, in the liver of female rats receiving ethi- 
onine, the production of a number of other enzymes, such as 
those involved in the formation of phospholipides, is relatively 
unaffected, at least under the conditions of our ‘“‘acute” experi- 
ments. Similar differences in the effects of ethionine administra- 
tion on various enzymatic processes are apparent from the 
literature. Thus ethionine inhibits the incorporation in vivo 
of amino acids into liver proteins (22, 14), the formation of 
adaptive enzymes in bacteria (23, 24), and also the substrate- 
induced increases in the activity of certain enzymes of rat liver 
tryptophan peroxidase (25, 14), xanthine oxidase (26, 27), 
threonine dehydrase (28), benzopyrene hydroxylase (19), 
demethylases and reductases of azo dyes (29), glucose 6-phos- 
phatase (30)). However, the synthesis of other enzymes, such 
as the succinoxidase (21) and catalase (14) of rat liver and the 
amylases of bacteria (31), of the pancreas of rats (32, 33) and 
if the pancreatic juice of dogs (34, 35), is apparently unaffected 
by ethionine. 

In view of the number and variety of enzymes and coenzymes 
involved in fatty acid oxidation, it is obvious that much more 
vork is required before the exact site, or sites, and the mechanism 


f the ethionine effect can be clarified. On the basis of our 


—J resent results it does not seem that this effect can be merely 


lue to a deficiency in the supply, or in the availability of ATP, 
DPN, or CoA. Nor could the impairment be limited to one or 
nore of the reactions of the tricarboxylic cycle, since both the 
xidation to CO2 and the production of acetoacetate are depressed 
ty ethionine. An inhibition of the “activation” of fatty acids 
night explain these results, provided that one assumes that a 
imilar inhibition occurs for a variety of reactions, such as those 
volved in the synthesis of acyl derivatives of CoA from higher 
ind lower fatty acids, or of acetyl CoA from acetate or pyruvate. 
The results of our experiments with this substrate indicate that 
the oxidation of glucides is also impaired in ethionine-treated 
tmale rats, a finding which may be of interest in view of a 
wssible role of glucides in promoting fatty acid oxidation. 
Whereas no sex differences were found in several of the bio- 
' ’ The inhibition of choline and sarcosine oxidases by high con- 
ntrations of ethionine added in vitro has been ascribed to a 


lrivative enzymatically produced from ethionine rather than to 
thionine itself (21). 
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TasLe VIII 
Oxidation of stearate-1-C'* in liver homogenates from male and 
female rats injected with ethionine, or 
ethionine and methionine 
Values reported are averages of the data obtained in three ex- 
periments, and are followed by the standard errors of the means. 








Sex Substances injected in vivo | Liver “fat’’* |COs from stearate-1-C™* 





Saal 


| mg c.p.m. 
F | Ethionine | 285 + 58 1,330 + 670 
M | Ethionine 69 + 18 | 23,670 + 2,510 
F | Ethionine + methio- 97 + 17 | 21,600 + 3,780 
nine 


* Values per liver of a 100-gm. rat. 


chemical and pathological effects of ethionine (see bibliography 
in (14)), the inhibition of fatty acid oxidation in liver homogen- 
ates is clearly sex dependent, just as it has been noted previously 
for the production of fatty liver (10), for the decrease in the 
tryptophan peroxidase of the liver (14), and for the inhibition 
of the incorporation of amino acids into proteins (14). The 
inability of ethionine to induce fatty livers in male rats has been 
ascribed to a protection by androgens (36, 37). In line with 
this interpretation, it might be suggested that when androgens 
are absent, or present in minimal amounts only, ethionine can 
interfere effectively with the synthesis of certain specific liver 
proteins which are required for the oxidation of fatty acids in 
the liver, perhaps also for their mobilization in the plasma. 


SUMMARY 


In the livers of female rats injected with large doses of p1- 
ethionine, the increases in neutral fat were not accompanied by 
any decrease in the levels of choline-containing or total phos- 
pholipides. Likewise, in such animals the rates of synthesis of 
liver phospholipides, as indicated by the incorporation of labeled 
phosphate, were not significantly different from the rates meas- 
ured in rats not receiving ethionine, or receiving both ethionine 
and methionine. Besides the fat infiltration, homogenates of 
the livers of ethionine-treated female rats exhibited very con- 
siderable decreases in the ability to oxidize stearate-1-C"™ added 
in vitro. Similar results were obtained for the production of 
isotopic CO2 and acetoacetate from shorter chain fatty acids, 
from acetate, and from pyruvate. The ethionine effect was 
completely prevented by administration of methionine along 
with ethionine. Injections of choline chloride were ineffective. 
Addition in vitro of adenosine triphosphate, with or without 
diphosphopyridine nucleotide or coenzyme A, did not restore the 
ability of the tissue to oxidize the added fatty acid at a high rate. 
No impairment of fatty acid oxidation was apparent when 
ethionine was added in vitro to liver homogenates of untreated 
female rats. Neither the inhibition of fatty acid oxidation nor 
the fat infiltration of the liver was observed in the livers of male 
mature rats receiving ethionine. Under the conditions of these 
experiments, identical effects were observed when, instead of 
pL-ethionine, L-ethionine was injected in female mature rats. 
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Since inositol phosphatides were first found in nature by Ander- 
son in 1930 (1) considerable effort has been expended to elucidate 
their structures. The chemistry of the inositol phosphatides, 
their structure, and their distribution in nature have recently 
been reviewed (2). 

The inositol phosphatide of peas, the subject of this com- 
munication, has been shown to be a monophosphoinositide. 
Other monophosphoinositides of plant origin have been ob- 
tained from wheat germ (3), soybean (4-6) and yeast (7). The 
preparative methods have generally been tedious, and all of the 
preparations contained impurities in various significant amounts. 

In the course of an investigation of the lipides of green peas 
(8) it became apparent that pea lipide might offer a convenient 
source of inositol lipide. The present work describes the isola- 
tion of the mixed calcium-magnesium salt of phosphatidyl 
inositol from lyophilized raw peas by means of a relatively simple 
solvent fractionation procedure. The further purification of 
the phosphatidy] inositol and the elucidation of its structure are 
presented in this paper. 


EXPERIMENTAL 


Analytical Methods—Elementary analyses for C, H, and K 
were obtained. P, Ca, Mg, Fe, Mn, and Cu were determined 
spectrographically on samples of the Ca-Mg salt of phosphatidyl- 
inositol ashed at 800° in an electric furnace. Phosphorus was 
determined by the method of Harris and Popat (9), glycerol by 
the method of Blix (10), nitrogen by the micro-Kjeldahl pro- 
cedure with a selenium catalyst and by the Dumas procedure, 
and sugars by the anthrone method of Radin et al. (11) with 
sucrose as the standard. 

Fatty acid content and saponification equivalent were de- 
termined by the method of Scholfield and Dutton (12). Iodine 
numbers of the free fatty acids were determined by the method 
of Lee and Wagenknecht (13). 

Preparation of Mixed Calcium-Magnesium Salt of Phosphatidyl 
Inositol—Green peas (Pisum sativum, var. Thomas Laxton) were 
frozen raw, stored for 1 month at —17.8°, and lyophilized. 
Crude lipides were obtained by extraction of the lyophilized peas 
with chloroform-methanol, 2:1 (volume for volume). The crude 
lipides were fractionated with acetone and the portion insoluble 
in acetone was used as starting material for the preparation of 
phosphatidy] inositol (8). 


* Approved by the Director of the New York State Agricultural 
Experiment Station for publication as Journal Paper No. 1148. 
This investigation was supported in part by the Gerber Baby 
Foods Fellowship. 

t Gerber Baby Foods Postdoctoral Fellow, Ur. 
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Acetone-insoluble pea lipide (153.1 gm.) was soaked and then 
kneaded thoroughly with 1250 ml. of glacial acetic acid, after the 
method of Carter et al. (14). The mixture was centrifuged for 
30 minutes at low speed and the dark brown supernatant liquid 
was decanted. The residue was washed with an additional liter 
of glacial acetic acid and the mixture was centrifuged as before. 
The supernatant liquid was decanted. The residue was sus- 
pended in 60 ml. of distilled water and the mixture was shaken 
with 300 ml. of benzene and centrifuged for 30 minutes. The 
benzene layer was decanted. The aqueous layer and interfacial 
material were re-extracted with 300 ml. of benzene and the mix- 
ture was centrifuged as before. The benzene layers were com- 
bined and lyophilized to yield 17.4 gm. (11.4 per cent of the 
weight of acetone-insoluble lipide, 5 per cent of the pea lipide, 
0.3 per cent of lyophilized peas, 0.06 per cent of raw peas) of a 
fluffy white powder consisting mainly of the mixed calcium- 
magnesium salt of phosphatidyl] inositol. 

The crude Ca-Mg salt was insoluble in water, 5 per cent HCl, 
glacial acetic acid, and acetone. A colloidal solution was formed 
with 5 per cent NaHCO; The Ca-Mg salt was completely 
soluble in chloroform-methanol, 2:1 (volume for volume), 
pyridine, benzene, and wet ether. The crude Ca-Mg salt has a 
very wide melting point range. The white powder turns grey, 
with some melting at 110°, starts browning at 116° with con- 
siderable melting, and turns into a brown liquid at 121-124° 
(temperature uncorrected). 

The analytical data for the Ca-Mg salt and determination of 
ash, glycerol, sugars, and fatty acids content are given in Table 
I. It will be noted that the results are in agreement with those 
to be expected from phosphatidyl] inositol, whose structure (first 
proposed by Faure and Morelec-Coulon (3) for the monophos- 
phoinositide from wheat germ) is shown in Fig. 1. The glycerol: 
fatty acid; fatty acid: phosphorus and glycerol: phosphorus ratios 
all agree with the postulated structure. Degradation studies 
described below confirm this assignment of structure. 

Samples of the Ca-Mg salt (0.1 gm.) were ashed at 800° in an 
electric furnace. The residues were combined with equal weights 
of Versenate! and analyzed spectrographically for P:Ca:Mg: 
Fe:Mn:Cu which were found to be present in the relative con- 
centrations of 10.6:4.17:1.23:0.87:0.03:0.03. The predomi- 
nance of P, Ca, and Mg in the ash indicates that the inositol 
phosphatide occurs in the pea as the mixed Ca-Mg salt. The 
infrared spectra of the Ca-Mg and K salts were observed to be 
quite similar to each other and to those reported by Shreve et al. 
(15) for glycerides. 

Preparation of Na and K Salts of Phosphatidyl Inositol— 

1 Disodium dihydrogenethylenediaminetetraacetate dihydrate, 
Hach Chemical Company, Ames, Iowa. 
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TaBLeE I 
Composition of phosphatidyl inositol 




















Calculated | Found | yg Found 
Constituent — + | ——— 
Ca salt | Mg salt Mc Pre K-PI | K-PI 
See | 59.47 | 60.04 | 58.59 | 58.13 | 56.52 
Re 9.25 | 9.34 | 9.38 | 9.04] 9.37 
. ae ee 3.74 3.78 4.09 | 3.66 | 3.51 
a eer oe 0 | O 0.23 0 | 0.27 
Se 12.0 | 11.1 | 13.15 | 
ao ac aG tlnicn do | 11.12 | 11.23 | 11.07 | 10.87 | 11.26 
Sugarsf............ 0 | 0 | 0.85] 0 | 2.89 
Fatty acidst. | 61.69 | 62.28 | 62.51 
Equivalent weight. .. 255.4 (255.4 1259.8 | 
Se sol Mae 49.7 49.5 | 
Glycerol: fatty acid. . 0.5 0.5 0.5 | 
Fatty acids: P...... 2 | 2 1.83 | 
Glycerol: P............... 1 | 1 0.91| 1.0 | 1.1 
Le eee 4.62 | 5.4 
a Pha hueaie | 0 0.05 





* PI, phosphatidyl! inositol. 
+ Values given as per cent. 
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Fig. 1. Phosphatidy] inositol. 


Purification of crude Ca-Mg salt was rendered difficult by its 
limited solubility in most solvents and its complete insolubility 
in water (16). Hence, attempts were made to prepare the 
sodium and potassium salts. 

Amberlite IR-120 (Na* form), 15 gm., was washed with dis- 
tilled water. The washed resin along with 200 mg. of the Ca-Mg 
salt and 30 ml. of distilled water was placed in a 125-ml. glass- 
stoppered Erlenmeyer flask. The bulk of the air in the flask 
was removed by flushing with nitrogen. The flask was stoppered 
and shaken briskly on a wrist-action shaker for 15 hours. During 
this period the white, unwettable powder (Ca-Mg salt) disap- 
peared, leaving a yellow solution, which was filtered? from the 
resin, acidified to pH 2 with 4 n HCl and extracted four times 
with equal volumes of benzene. The benzene extract was dis- 
carded since it contained little or no material. The aqueous 
extract was brought to pH 6 with 2 n NaOH and then lyo- 
philized. The chromatographic presented 


evidence below 


? All filtrations were made through fritted Pyrex glass funnels 
of medium porosity. 
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showed that the resin treatment had caused no degradation of 





the Ca-Mg salt (other than conversion to the sodium salt). 

As an alternative to the use of ion exchange resin for forma- 
tion of a water-soluble salt of phosphatidyl inositol the fol- 
lowing modification of Folch’s procedure (17) was used to pre- 
pare the potassium salt. 

Forty ml. of 20 per cent potassium oxalate solution were added 
to 0.99 gm. of the Ca-Mg salt. The mixture was brought to 
pH 8.0 by dropwise addition of 1 nN KOH, homogenized in q 
Potter-Elvehjem homogenizer, held at 4° for 2 hours, and cen- 
trifuged at 1800 r.p.m. for 1 hour. The cloudy yellow super- 
natant solution was removed with a hypodermic syringe, and 
recentrifuged for 30 minutes. The resulting cloudy yellow 
solution was filtered and dialyzed against cold distilled water for | 
2 days. The undialyzable material was then frozen and ly- 
ophilized. The resulting white, fluffy powder (0.51 gm.) was 
stored in vacuum over PQs. 
The sodium and potassium salts of phosphatidyl] inositol form | 

} 
| 


ee 


colloidal solutions in water. They are soluble in chloroform. | 
methanol and in benzene and insoluble in acetone and cyclo- 
hexane. 

The analyses (Table I) of the K salt show that Ca has been } 
replaced almost completely by K and that the substance re- 
sponsible for the slightly high phosphorus value for the Ca-Mg 
salt (probably phytin) has been removed by this procedure. | 
It should be noted that both the sodium and potassium salts of 
phosphatidyl! inositol retain small amounts of nitrogenous and 
carbohydrate impurities. 


Degradation Studies on Salts of Phosphatidyl Inositol 


Acid Hydrolysis—Approximately 50-mg. samples of the Ca- 
Mg, K, and Na salts of phosphatidyl inositol were hydrolyzed 
with mineral acid in sealed tubes in an Abderhalden pistol under 
two different conditions; namely, with 0.5 ml. of 0.5 n H.S80, 
for 12 hours with boiling water as refluxing solvent (a mild | 
hydrolysis), and with 0.5 ml. of 6 Nn HCl for 30 minutes with 
boiling butyl Cellosolve or isoamy] ether (b.p., 171°) as refluxing 
solvent (a stronger hydrolysis). The former procedure liberated 
sugars and organic phosphates; the latter destroyed the bulk of | 
them, but liberated inositol and ninhydrin-positive material. 

The contents of these tubes and distilled water washes were | 
filtered and the aqueous solutions adjusted to pH 4 by stirring | 
with Dowex 2 resin in the HCO; form. The resin was filtered | 
off and the filtrate lyophilized. The dry residue was taken up 
in 50 ul. of distilled water and used for spotting chromatograms. 

Alkaline Hydrolysis—The alkaline hydrolysis method of 
Malkin and Poole (18) was used. To 402 mg. of Ca-Mg salt, 
dissolved in 4.0 ml. of moist benzene, 1.3 ml. of 1.43 N methanolic 
KOH added and the mixture shaken. The 
hydrolysis was continued at room temperature (27°) for 22 hours 
The reaction mixture was then filtered 
and the residue washed with six 5-ml. portions of benzene 
methanol (3:1). The residue was worked up with 3 ml. of 
distilled water, acidified to pH 3 with acetic acid, and extracted 
with petroleum ether. The petroleum ether layer was decanted. 
The aqueous layer along with 4 ml. of distilled water wash was 
filtered through Celite 545. The aqueous fractions were eX 
tracted three times with ethyl ether to remove acetic acid, and 
lyophilized; (yield, 133.7 mg.). This hydrolysate was taken up 
in water and used for spotting chromatograms. 
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TaB.e II 
Rr values of products of hydrolysis of phosphatidyl inositol 


Treatment 1 consisted of mild acid hydrolysis, as described under ‘“‘Experimental.”’ 


as chromatographic solvent. 


Treatment 2 consisted of alkaline hydrolysis, as described under ‘‘Experimental.”’ 


' as chromatographic solvent. 
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Treatment 3 consisted of strong acid hydrolysis, as described under “Experimental.” 


as chromatographic solvent. 


Isopropanol-acetic acid-H,O, 3:1:1, was used 
n-Propanol-acetic acid-H.O, 3:1:1, was used 


n-Butanol-acetic acid-H,O, 4:1:5, was used 





Treatment 1 


Treatment 2 Treatment 3 





Standards Hanes- 








Periodate- Periodate- Hanes- Periodate- Hanes- Nagai- 
Rr of ~ | Isherwood Rr of Isherwood Rp of anga. | sherwood Kimura 
standard cae seer --y standard ae ame =" standard co ane = — 
Inositol monophosphate 0-0.05 0.02 0-0.04 | 0.02 0.015 0.023 | 0.01 0.01 0-0.03 
Inositol .......... 0.08-0.14 0.13 0.13 0.10 0.04-0.10 0.07 0.05-0.06 
Glycerol monophosphate. .| 0.18 0.22 0.18 0.21 0.19 0.20 0.08 0.06 0.04 
a are 0.72 0.74 0.55-0.65 0.55 0.39-0.47 





Chromatography of Hydrolysis Products—The various hy- 
drolysates described above were spotted on Whatman No. 1 
paper strips and developed by ascending chromatography with 
either n-butanol-acetic acid-H.O (4:1:5), n-propanol-acetic 
acid-H,O (3:1:1), or isopropanol-acetic acid-H,O (3:1:1). The 
resulting chromatograms were examined under light from an 
ultraviolet lamp. Spots were also located by use of the fol- 
lowing spray reagents (described in a previous publication (8)): 
aniline acid phthalate for detecting reducing sugars, 2 per cent 
NalO,-1 per cent KMnQ, in 2 per cent NasCO; (4:1) for de- 
tecting vicinal polyols and related compounds; Hanes-Isherwood 
spray reagent for detecting organic and inorganic phosphates 
and 0.2 per cent ninhydrin in 50 per cent aqueous pyridine for 
detecting amino N. The identification of inositol in the hy- 
drolysate was assured by the use of the highly specific Nagai- 
Kimura modification of the Scherer test for inositol (19). Inositol 
phosphate was identified by its reaction with permanganate- 
periodate and Hanes-Isherwood phosphate sprays, and had an 
Ry value corresponding to that of an authentic sample of 
inositol monophosphate. Glycerophosphate was identified as 
periodate-permanganate-reacting, phosphate-containing spots 
with Rp values corresponding to those of an authentic sample. 

The results of the paper chromatograms are shown in Table 
Il, and give evidence for the presence of the expected inositol, 
inositol phosphate, glycerol, and glycerol phosphate. It is to be 
noted that nitrogenous and sugar impurities were present in the 
Ca-Mg salt and were not removed by dialysis during the prepara- 
tion of the K salt. The percentage of sugar impurities was 
larger in the K salt than in the original Ca-Mg salt suggesting 
that carbohydrates may be covalently attached to a lipide 
moiety (possibly phosphatidy] inositol). 

Under the milder conditions of acid hydrolysis, spots with Rr 
values corresponding to those of inositol, inositol phosphate, 
glycerol, glycerophosphate, and inorganic phosphate were de- 
tected chromatographically. With the more drastic conditions 
of acid hydrolysis, inositol, glycerol, and inorganic phosphate 
appeared to be the predominating products of hydrolysis with 
traces of glycerophosphate and inositol phosphate detectable. 
-Two spots of Rp value intermediate between those of inositol 
and glycerol were detected with permanganate-periodate spray 
reagent. Four ninhydrin-positive spots were noted among the 
hydrolysis products obtained with 6 n HCl. These are presumed 


to be impurities rather than component parts of the phosphatidy] 
inositol. Carbohydrates and phosphorus-containing impurities 
are also present. Traces of glucose and fructose were detectable 
in the 0.5 n H.SO, hydrolysate. 

The alkaline hydrolysate of phosphatidy] inositol yielded spots 
of Rr corresponding to those of inorganic phosphate, inositol, 
inositol phosphate, glycerol, and glycerophosphate. An un- 
identified material was observed with an Ry between glycero- 
phosphate and glycerol. 

The free fatty acids obtained from the hydrolysis of Ca-Mg 
salt were esterified with diazomethane with the micromethod of 
Roper and Ma (20). The methyl esters were separated ac- 
cording to chain length by gas chromatography with a LAC-4468 
column according to the method of Lipsky and Landowne (21).! 
The results indicated the presence of only Cy and Cys chain 
length acids in the mole ratio of 58 per cent palmitic to 10.6 per 
cent stearic to 31.4 per cent oleic. This would provide an 
average molecular weight of 268 for the fatty acids. The 
average molecular weight calculated from saponification numbers 
was 260. Okuhara and Nakayama (6) found that myristic and 
oleic acids were present in a similar inositol phosphatide from 
soybeans. We found no evidence for the presence of Cy, acids 
in phosphatidy] inositol from green peas. 


DISCUSSION 


We suggested previously (22) that pea lipides might be a 
convenient source of inositol phosphatide and the present re- 
sults confirm this opinion. Research results, to be reported else- 
where, have demonstrated that the inositol phosphatide was 
obtainable only from raw peas which had been stored at —17.8° 
for a short period of time. The yield of Ca-Mg salt amounted 
to about 5 per cent of the total pea lipide and the crude material 
was obtained by a simple solvent fractionation scheme. The 
ease of preparation is due, at least in part, to the absence of the 
phytosphingosine-containing inositol lipide which accompanies 
phosphatidy! inositol in all the other plant seeds we have ex- 
amined (23). 


3’ LAC-446 consists of the L-adipate polyester of diethylene 
glycol partially crosslinked with pentaerythritol. 

4The authors wish to acknowledge the generous assistance of 
Dr. L. R. Mattick for performing the gas chromatographic separa- 
tions. 
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Ca-Mg and K salts of phosphatidyl inositol were obtained as 
white, fluffy powders which could be stored in vacuum for long 
periods without visible deterioration. These products both con- 
tained slight amounts of nitrogenous and carbohydrate impurities 
which is characteristic of the phosphatidyl] inositol preparations 
isolated from other sources (7). 


Investigations are now in progress to determine the metabolic 
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SUMMARY 


The mixed calcium-magnesium salt of phosphatidyl] inositol] 
was obtained, by a relatively simple solvent fractionation pro- 
cedure, from lyophilized frozen peas which were stored at —17.8° 
for 1 month before lyophilization. Methods for preparing the | 
soluble sodium and potassium salts are reported. Elementary 
analyses and data on the hydrolysis products show that the 





Big : ep ; : parent compound is a monophosphoinositide which probably 
significance of this phosphatide in the pea plant, and its behavior possesses a phosphatidy] inositol structure. The fatty acids | 
during storage of frozen raw peas. were shown to possess Cy, and Cis chain lengths. 
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' 
The dietary deficiency of essential fatty acids results in EXPERIMENTAL 


! anatomical changes in animals, which are accompanied by 
changes in the polyunsaturated fatty acid content of the tissues 
; (1). The chemical manifestations of the deficiency are prin- 
} cipally a greatly increased content of trienoic acids and a decrease 
in the other polyunsaturated acids in the tissues, notably in the 
heart and liver (2). Klein and Johnson (3) have demonstrated 
that polyunsaturated acids occur in the subcellular granules, 
and that changes in the polyunsaturated acids content of these 
granules begin much earlier in the deficiency than the external 

symptoms appear (4). 

Essential fatty acid deficiency is accompanied by an abnormal 
metabolism. Burr and Beber (5) found that deficient rats have 

a higher basal metabolic rate, higher specific dynamic action of 
foods, and higher respiratory quotients than do normal rats. 

Deficiency has been found to cause changes in the enzyme 
' activities of tissues. Endogenous respiration of the liver de- 
) creases, liver cytochrome oxidase increases, choline oxidase 

increases slightly, the titer of antimycin A-sensitive factor in- 

creases, and the P:O ratios of enzyme preparations decrease 

markedly in deficiency (6, 7). In fat deficiency, succinic de- 

hydrogenase, glutamic dehydrogenase, and butyric dehydro- 

genase activities are also reduced significantly (8). Ultraviolet 
' irradiation of rat liver mitochondria, or the addition of partly 
oxidized linoleate or linolenate, factors which could induce oxida- 
tion of polyunsaturated fatty acids, were found to inhibit suc- 
cinoxidase activity (9). These several lines of evidence suggest 
that polyunsaturated acids are necessary for or are involved in 
some enzyme activities. 

In the light of the information summarized above, it seemed 
pertinent to measure the content of polyunsaturated acids in 
enzyme preparations of mitochondrial origin. The data pre- 
sented here show that polyunsaturated acids are present in 
significant amounts in these enzyme complexes, and are consistent 
with the suggestion that polyenoic acids may have some function 
in the enzymatic reactions catalyzed by these complexes. 


' 


*This work was supported in part by a training grant (No. 
HTS-5006) from the National Heart Institute, United States 
Public Health Service, and by Grant No. G 57-47 from the Life 
Insurance Medical Research Fund. 

} Present address, Division of Natural Sciences, Humboldt 
State College, Arcata, California. 





Each mitochondrial enzyme preparation was mixed with 
about 5 volumes of 15 per cent alcoholic solution of KOH con- 
taining 1 per cent pyrogallol to protect oxygen-sensitive sub- 
stances. The alkaline mixture was brought to a boil for about 
15 minutes, cooled, diluted with water, and extracted with 
petroleum ether to remove the nonsaponifiable lipides. The soap 
solution was finally acidified with HCl and the free fatty acids 
were recovered by extraction with petroleum ether. The solvent 
was removed under reduced pressure, and the fatty acids were 
stored in vacuum ampules until they could be analyzed. Sam- 
ples of the fatty acids were subjected to the alkali-isomerization 
procedure of Holman and Hayes (10), and the polyunsaturated 
acids were determined spectrophotometrically. Enzyme cata- 
lyzed oxidation of diphosphopyridine nucleotide and succinate 
by oxygen or ferricyanide was measured according to the methods 
described by Crane et al. (11). 


RESULTS 


The data presented in Table I under I e, II c, III d, VI b, 
VII, VIII b, VIII c, and IX b refer to fractions originating from 
the same batch of mitochondria. The data for the enzyme 
activities of these fractions are summarized in Table II. I a, 
I b, and I ¢ represent portions of the same preparation of sucrose- 
mitochondria prepared from beef heart (11). I d and I e are 
two other sucrose-mitochondrial fatty acid extracts obtained by 
the same procedure. 

Groups II and III are empirical classes of particles prepared 
by centrifugation, called light and heavy mitochondria respec- 
tively (12). The light mitochondria induce rapid but not fully 
coupled oxidation of succinate and diphosphopyridine nucleo- 
tide; whereas the heavy fraction has good phosphorylating 
activity. IJ a and II b represent light mitochondria obtained 
in the winter and late spring respectively. It is possible that 
the difference could be related to differences in diet of the ani- 
mals. III b and III c were extracted from the same mito- 
chondrial preparation, but III ¢ was a portion of the mito- 
chondrial suspension which had been exposed to air at 30° for 
30 minutes in phosphate buffer to inactivate the phosphorylating 
mechanism. The differences in polyunsaturated acids in samples 
of Group III are of questionable significance. 

When heavy mitochondria are exposed to distilled water and 
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Fatty Acids of Particulate Enzyme Fractions 


Content of polyunsaturated acids in fatty acids of mitochondrial fractions (per cent of total fatty acids) 
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Beef heart mitochondria 


Red particle 
Red particle 


Green particle 
Green particle 





Total polyun- Polyunsat- 
Type Hexaene Pentaene Tetraene Triene Diene saturated urated fatty 
fatty acids acids 
| | gm./100 py 
} protein 
| 0.67 5.2 | 103 | 7.3 24.6 48.1 
| 0.02 5.4 10.0 7.2 24.6 47.2 
0.06 5.0 4 ; Fs 25.2 47.0 
0.17 3.5 12.4 | 4.9 29.4 50.4 10.0 
0.03 2.9 11.8 | 5.1 28.6 | 48.4 9.0 
Light beef heart mitochondria 0.21 5.8 14.4 732 36.6 | 64.3 
Light beef heart mitochondria 0.02 3.0 12.0 | 5.1 28.9 49.0 6.5 
Heavy beef heart mitochondria 0.13 4.1 | ts 5.4 27.8 48.6 
Heavy beef heart mitochondria 0.18 3.4 | 9.5 3.7 24.3 41.1 
Heavy beef heart mitochondria 0.15 4.5 10.9 5.6 28.4 | 49.6 
Heavy beef heart mitochondria 0 3.2 13.4 | 56.1 31.4 53.1 10.7 
om | 4i 12.0 | 4.1 30.5 51.1 
| 0.39 | 1.7 | 6.1 | 4.1 16.2 | 28.5 
Electron transport particle (pH 8.5) <2 | 3.7 6.3 | 5.5 17.9 33.4 | 
Electron transport particle (pH 8.5) | 0.02 | 5.4 | 9.2 4.6 25.8 | 43.0 | 14.9 
Electron transport particle (alcohol) | 0.02 3.4 | 15.4 | 5.6 33.4 | 687.8 15.2 
Electron transport particle residue | 0.07 3.3 | 122.8 | 5.4 | 30.5 | 52.1 | 10.0 
Succiniec dehydrogenase complex | 0.04 3.2 | 12.9 | 5.5 | 30.1 | 51.7 | 20.0 
Succinic dehydrogenase complex | 0.16 3.5 8.9 | 3.0 20.3 35.9 | 23.2 
0.17 3.9 10.1 8.7 20.9 43.8 
0.07 | 3.2 | 12.3 5.4 28.2 49.2 16.1 
0.18 | 3.3 | 10.2 | 3.8 25.2 42.7 34.9 
| 0.06 2.7 - a 4.8 25.1 40.2 
| 0.06 2.6 | 10.3 4.7 30.3 48.0 6.6 
0.71 | 0.02 | 14.5 | 3.3 30.3 48.8 9.9 
| 02 | 26 | 14 | 98 0 | 14.0 | 
| O38 | 35 | 11.3 5.2 25.0 | 45.3 | 16.6 
TaBLeE II 
Enzyme activities of mitochondrial fractions* 
| DPNH oxidase 
Typ Liratue |__| pws, | ssn | Suede | ray cis 
|} —Cyto- +Cyto- 
| chrome ¢ chrome ¢ | 
| gm./100 gm. 
| | | protein 
| i | 1.2 1.5 | | 0.8 | 18.5 
| | 1.4t | | 0.2t | 
Light beef heart mitochondria | 2 | 16 | #18 | } 1.2 | 13.2 
Heavy beef heart mitochondria 12 | 0.4 | 1.5 | 0.6 20.2 
Electron transport particle (pH 8.5) 11 2.8 1.4 34.6 
Electron transport particle (alcohol) 13 3.6 1.5 26.4 
11 | Sat | 5.7 1.6f 1.8f 
Electron transport particle residue | 11 | 19.3 
| 0.3t | 0.3t 
Succinic dehydrogenase complex 14 | O | 0O 4.0 38.6 
Succinic dehydrogenase complex 14 | | | 22 2.3 64.6 
| | | | 4.0 
| 1% | 0 | oo | 0 | 32.8 
5 | | | 6 | 1.0 81.8 
| 5.8t 4.9f 
Ib | O | 1.9 0.5 13.8 
5 2.8 0.3 | 20.2 
| 2.8t 0.27 





* Values given as wmoles per minute per mg. of substrate 
t Literature values: see reference. 


oxidized unless otherwise indicated. 
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then centrifuged the sediment contains two layers (12). The 
upper (IV, light particle) has per milligram dry weight nearly 
twice the quantity of polyunsaturated acids as the lower (V, 
heavy particle). Preparations VI a and VI b were obtained from 
the electron transport particle prepared at pH 8.5 according to 
Crane et al. (11). The polyunsaturated acid content is less than 
that of electron transport particles prepared according to the 
aleohol-phosphate method (VI ¢) (13). The polyunsaturated 
acid content of the residue (VII) from the electron transport 
particle prepared with alcohol (VI ¢) is essentially the same as 
that of the untreated mitochondria from which it is derived 
(Le). 

VIII a and VIII b are two different samples of succinic de- 
' hydrogenase complex prepared according to the method of Green 
(al. (14). VIII ¢, d, and e are preparations of red particles 
obtained by deoxycholate fractionation (15) of electron transport 
particles. VIII a and VIII d are derived from the same batch 
of mitochondria. The data on preparations of green particles 


| 





‘ 
i 


‘(containing cytochrome c-activated diphosphopyridine nucleo- 
tide oxidase) shows considerable variation in tetraene and 
pentaene contents, but the values for total polyunsaturated acids 
are in fair agreement. The total recovered fatty acids from the 
green particles is small in comparison to that from red particles. 

Sample X is a preparation of cytochrome oxidase prepared 
from beef heart (16). Its content of polyunsaturated acids was 
considerably less than that found in other particulate fractions 
analyzed. 

Approximately 306 mg. of interchain lipoprotein (17) contain- 
ing 9.2 mg. of protein and 297 mg. of lipide were extracted with 
ethanol-ether (3:1) and the lipide was subsequently saponified. 
Of the lipide, 38 per cent was recovered as fatty acids and 16 
per cent as unsaponifiable matter. The content of polyun- 
saturated acids in the total fatty acids given in Table I indicates 
» that dienoie and tetraenoic acids are major constituents. 





DISCUSSION 


Beef heart mitochondria (I a-c) after hydrolysis yield about 

| 18.5 per cent fatty acids of which approximately half is poly- 
unsaturated acids. Fractionation of the mitochondria to sep- 
arate enzyme activities yielded preparations in which the total 

' polyunsaturated fatty acid content differed somewhat, but in 
‘which the distribution of polyene types was rather similar. 
From this study no relationship can be seen between a specific 
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enzyme activity and predominance of any polyene type, for the 
polyunsaturated acids are present in approximately the same 
proportions in several enzymatically active portions of the beef 
heart mitochondria. Mitochondria and the fractions obtained 
from them contain considerable amounts of lipide. The content 
of polyunsaturated acids in the fatty acids isolated from the 
various fractions ranged from approximately } to 3 of the total 
fatty acids. The content of total polyunsaturated acids ranged 
from 6.5 to 34.9 gm. per 100 gm. of protein, indicating that these 
easily oxidized fatty acids are a surprisingly large proportion 
of the lipoprotein. 

The meaning of the data presented is not clear but they suggest 
that polyunsaturated acids are constituents of particulate en- 
zyme systems. These substances in vitro, and in the lipoproteins 
in which they are normally present, are very sensitive to attack 
by oxygen, and their presence in such high concentrations in 
enzyme preparations with oxidative activity may be more than 
a coincidence. Tappel et al. (18) suggested that linoleic acid 
could act as a mediating carrier in the coupled oxidation of other 
substrates by soybean lipoxidase. If tissue polyunsaturated 
acids function as cofactors or essential elements in the structure 
of enzymes, the analogy of these substances with the vitamins is 
not remote, for many of the polyunsaturated acids in tissue are 
required nutrients or are metabolically derived from required 
nutrients. 


SUMMARY 


The polyunsaturated acid contents of the total fatty acids of 
particulate enzyme preparations have been determined by 
alkaline isomerization. The polyunsaturated fatty acids vary 
from one-third to two-thirds of the total fatty acids. In one 
case, the polyunsaturated acids were found to be 34.9 per cent 
by weight. Fractionation of the mitochondria into separate 
submitochondrial particulate fractions possessing different en- 
zyme activities did not fractionate the polyenoic acids. Analyses 
for the fatty acids from cytochrome oxidase and interchain 
lipoprotein are given. 
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Propionic Acid Metabolism 


Ill. 6-HYDROXYPROPIONYL COENZYME A AND MALONYL SEMIALDEHYDE COENZYME A, 
INTERMEDIATES IN PROPIONATE OXIDATION BY CLOSTRIDIUM KLUYVERI 


P. Roy VAGELOs AND JoAN M. Earu 


From the Section on Enzymes, Laboratory of Cellular Physiology, National Heart Institute, 
National Institutes of Health, Bethesda, Maryland 


(Received for publication, May 8, 1959) 


In studies on the metabolism of propionic acid in animal 
tissues Rendina and Coon (1) found that acrylyl coenzyme A 
(which presumably is formed from propionyl coenzyme A) is 
converted to B-hydroxypropionyl coenzyme A by crystalline 
crotonase. $-Hydroxypropionyl coenzyme A is deacylated to 
free B-hydroxypropionate which is then dehydrogenated to form 
malonate semialdehyde. Kupiecki and Coon (2) described an 
enzyme found primarily in pig and rat kidney that catalyzes 
transamination of the latter compound to form $-alanine. Gio- 
vanelli and Stumpf (3), studying propionate metabolism in 
mitochondria of peanut cotyledons with isotope techniques, con- 
cluded that 8-oxidation takes place leading to the formation of 
malonate semialdehyde by the same series of reactions. 

Recent papers from this laboratory have described two new 
enzymes, acrylyl-CoA aminase (4) and acrylyl-CoA hydrase (5). 

Current studies in this laboratory have shown that cell-free 
extracts of Clostridium kluyveri catalyze the oxidation of propi- 
onic acid. The available evidence indicates that the oxidation 
involves the following reactions: 


Acetyl-P + propionate + CoASH — 


propionyl-CoA + acetate + P; (1) 


Propionyl-CoA = acrylyl-CoA + 2 H (2) 
Acrylyl-CoA + H,0 = §-hydroxypropionyl-CoA (3) 


8-Hydroxypropionyl-CoA + TPNt+ = 4) 
malonyl semialdehyde-CoA + TPNH + Ht 


Malonyl semialdehyde-CoA + TPN*+ + H.0 — (65 
malonyl-CoA + TPNH + H+ 


Reactions 1 and 2 are similar to those that have been demon- 
strated in propionate oxidation by extracts of Clostridium pro- 
ptonicum (6). Reaction 1 has previously been studied in C. 
kluyvert by Stadtman (7). Reaction 2 has not been demon- 
strated in C. kluyveri, per se, but it is indicated by the fact that 
6-hydroxypropiony] thiolesters are formed by cell-free extracts 
of this organism during the oxidation of either propionyl-CoA or 
propionyl pantetheine. In studying the fate of acrylyl pante- 
theine (which has been used in place of acrylyl-CoA for reasons 
that were previously discussed (4)), it was found that dialyzed 
extracts of C. kluyvert catalyze a rapid conversion of this com- 
pound to 6-hydroxypropiony] pantetheine, Reaction 3. A par- 
tially purified protein fraction catalyzes a TPN-dependent 
oxidation of 6-hydroxypropionyl-CoA to form malonyl semi- 
aldehyde-CoA, Reaction 4, which in turn is oxidized to malonyl- 
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Thiolesters of malonate semialdehyde were made from the) sized frot 
malonaldehydic acid ethyl ester diethyl acetal generously pro yiously (! 
vided by Drs. W. G. Robinson and M. J. Coon. The ester was! slyents 1 
hydrolyzed by shaking it with 0.5 N sodium hydroxide for 3 to) (. kluy 
5 hours at room temperature. The solution (cooled to 0°) wasl(12). Ce 
adjusted to pH 2.8 with sulfuric acid, and the malonaldehydi| described 
acid diethyl acetal was extracted into ethyl ether. The etherfjurther pi 
solution was dried with anhydrous magnesium sulfate. A mixeif0.01 m | 
anhydride of the malonaldehydic acid diethyl acetal and ethyjaminase » 
chloroformate was prepared (8); thiolesters were made with both! zone assa 
CoASH and pantetheine. Hydrolysis of the diethyl acetal by that one. 
incubation at room temperature at pH 1.0 for 3 hours resulted’ utilized. 
in the formation of malonyl semialdehyde thiolesters. Thiol-)Gornall ei 
ester solutions were stored at —20° without neutralization. | 
Malonyl semialdehyde pantetheine was prepared enzymat} 
ically by the following procedure. Incubation mixtures cor 
tained 150 umoles of 2-amino-2-methyl-1 ,3-propanediol buffer 
pH 9.4, 10 umoles of 8-hydroxypropiony] pantetheine, 30 umole 
of TPN, 18 mg. of partially purified enzyme, and water to a fina 
volume of 1.8 ml. The reaction was followed by noting th: 


CoA, Reaction 5. This paper will present evidence for th; 
occurrence of Reactions 3 and 4. Malonyl semialdehyde-Cosj 
dehydrogenase will be discussed in a future publication. 


METHODS 


Enzyme 
droxyproy 
catalyze : 
tage Was | 


absorbance of aliquots at 300 mu. The tubes were incubated me 
at 37°. When the absorbance stopped increasing (usually | oat tars 
minutes when 2.3 wmoles had accumulated), the reaction WE nents. |] 
stopped by addition of 0.4 ml. of 10 per cent perchloric acid saiee tr 
The precipitate was removed by centrifugation. : vantethei 


Malony] semialdehyde pantetheine was purified by passing tle}; 20 ml 





solution over a Dowex 50 column (hydrogen form, 10 x 1.5 em. of asym 
The effluent from that column was poured onto a Duolite A+j;,, 90 mi 
column (hydroxide form, 10 X 1.5 cm., 80 to 100 mesh). Th} )¢.1, di 
column was washed with 10 ml. of water and 10 ml. of a solutio| The pr 
of 0.01 m acetic acid and 50 per cent ethanol. The malony: conversio 
semialdehyde pantetheine was then eluted with a solution“)... ws 
0.05 m acetic acid and 50 per cent ethanol. Approximately 4 ontainin 
per cent of the product put on the column was recovered in th amates ¥ 
first 50 ml. of eluate; the rest was not recovered. The solutict hromato 
was evaporated to 4 volume under vacuum. Malony] sem'};, the en: 
aldehyde-CoA could not be purified in this manner but could hydroxan 
purified by paper chromatography in a solvent system consistilt) _ - 
“fF, Ly 


of equal volumes of ethanol and 0.1 m potassium acetate, pi 
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4.5; the yield was only 10 to 20 per cent of the material put on 
the paper. 
3-Hydroxypropionyl-CoA and pantetheine were synthesized 
hy adding dropwise 6-propiolactone (Eastman Organic Chemi- 
als) to a solution of the reduced mercaptan in 0.5 mM potassium 
A, |hicarbonate buffer, pH 8.5, at 0°. The resulting pantetheine 
ithiolesters were partially purified by chromatography in a sol- 
- system consisting of n-butanol-water (100:18). The CoA 
ae were chromatographed in the ethanol-potassium acetate 





Iolvent system. Acetoacetyl thiolesters were synthesized by 
ithe diketene method of Lynen! and were assayed quantitatively 
‘hv the method of Stern (9). Lactyl pantetheine (5), acryly] 
}nantetheine, crotonyl-CoA, and crotonyl pantetheine (4) were 
snthesized and assayed as described previously. All other 
thiolesters were made from the mixed anhydrides (8) and assayed 
bi the hydroxamate method (10). 

Thiolesters were compared by chromatography of their hy- 
droxamic acid derivatives (11) in two solvent systems: n-butanol- 
water (100:18) and secondary butanol-formic acid-water (75: 

13:12). Rp values of acrylyl hydroxamate, lactyl hydroxamate, 

band 8-alanyl hydroxamate in these solvent systems have been 

}published (5). $-Hydroxypropionyl hydroxamate was synthe- 
m the}sized from 8-propiolactone and crystallized as described pre- 
y pr viously (5). The Rp values of this compound in the above two 
er watsolvents were 0.35 and 0.43, respectively. 
rr 3to) C. kluyveri was grown as described by Stadtman and Burton 
°) was} (12). Cell-free extracts were prepared by sonic oscillation as 
ehydir| described previously (4). Extracts that were to be used without 
» ether further purification procedures were dialyzed overnight against 
mixed}(,01 m potassium phosphate buffer, pH 7.5. Acrylyl-CoA 
| ethyi/aminase was prepared as described previously (4). The dithi- 
h both! zone assay for mercaptans (13) was used with the modification 
tal by that one-fourth the concentration of dithizone reagent was 
psulted utilized. Protein determinations were made by the method of 

Thiol-) Gornall et al. (14). 


or the! 
e-Cody 


: 


n. 

zymat- EXPERIMENTAL 

"S COl'! Enzymatic Hydration of Acrylyl Pantetheine to Form B-Hy- 
buffer \drorypropionyl Pantetheine—Extracts of C. kluyveri were found to 
HMO catalyze a rapid disappearance of acrylyl pantetheine. Advan- 
de rt tage was taken of the ultraviolet absorption maximum at 263 my 
ing the 


‘of the a-8 unsaturated thiolester in measuring the extent of the 
‘ubatet reaction. Appropriate control tubes with boiled enzyme, with- 
ally Me out enzyme, and without substrate were included in all experi- 
nae We) nents. Incubation mixtures contained 50 umoles of triethanol- 
i¢ ach’ smine hydrochloride buffer, pH 7.5, 100 pmoles of acrylyl 
; pantetheine, and 60 mg. of the dialyzed extract in a total volume 
sing the £20 ml. The solutions were incubated at 30°. After addition 
0 Cl. of enzyme there was a linear decrease in absorbance at 263 mu 
lite A*f ior 99 minutes, at which time the acrylyl pantetheine had com- 
). th pletely disappeared. 
solutioly The product of this enzymatic reaction was identified after 
malon: conversion to its hydroxamic acid derivative. Neutral hydroxyl- 
ition “Fsmine was added to aliquots of the above reaction mixtures 
ptely 3 ‘ontaining 2.0 umoles of thiolester, and the resulting hydrox- 
= th amates were chromatographed in two solvent systems. Both 
Tutu chromatograms showed that acrylyl pantetheine had disappeared 
| sett} in the enzymatic sample and had been replaced by a single new 
i hydroxamate with the same Ry value as that of authentic 6- 
sisting 
te, pi 





'F. Lynen, personal communication. 


P. R. Vagelos and J. M. Earl 2273 


hydroxypropionyl hydroxamate. The nonenzymatic control 
contained only the acrylyl hydroxamate. 

The stoichiometry of this reaction was established during 
large scale conversions of acrylyl pantetheine to B-hydroxy- 
propionyl pantetheine. Although the pantetheine and CoA 
thiolesters of 8-hydroxypropionate were synthesized chemically 
from #-propiolactone, chromatographic analysis of their hy- 
droxamate derivatives showed the presence of other contaminat- 
ing thiolesters that could not be separated by chromatography 
of the thiolesters. For this reason, enzymatically formed - 
hydroxypropiony! pantetheine was used in all the experiments 
where contaminants might have interfered with the interpreta- 
tion. In incubation experiments similar to those described 
above, the reactions were stopped by addition of 15 ml. of ethanol 
when the acrylyl pantetheine had disappeared. Precipitates 
were removed by centrifugation. The supernatant solutions 
were adjusted to pH 6.0 with hydrochloric acid and chromato- 
graphed on paper ina solvent system consisting of n-butanol-water 
(100:18). The thiolesters (Rp 0.68) were quantitatively eluted 
with distilled water, and aliquots were assayed by the hydrox- 
amate method. The finding of 95, 90, and 98 umoles of B-hy- 
droxypropiony! pantetheine in three different experiments (with 
the use of 100 uwmoles of acrylyl pantetheine) established the 
stoichiometry of the conversion of acrylyl pantetheine to 6-hy- 
droxypropiony!] pantetheine. The ultraviolet spectrum of the 
purified B-hydroxypropionyl pantetheine had a single peak at 
232 muy, typical of the saturated fatty acid thiolesters. 

Both crotonyl-CoA and crotonyl pantetheine were substituted 
for acrylyl pantetheine in spectrophotometric experiments identi- 
cal to the ones described above. The dialyzed, crude extract 
showed greatest hydrase activity with crotonyl-CoA, less with 
crotony] pantetheine, and least with acrylyl pantetheine. It is, 
therefore, possible that the enzyme that catalyzes the hydration 
of acrylyl thiolesters is enoy] hydrase. 

Reversibility of Enoyl Hydrase Reaction by Coupling to Acrylyl- 
CoA Aminase Reaction—Preliminary spectrophotometric experi- 
ments where either 8-hydroxypropionyl-CoA or pantetheine 
were incubated aerobically with dialyzed extract of C. kluyveri 
failed to show any accumulation of acrylyl thiolester. The 
equilibrium of the acrylyl-CoA aminase reaction greatly favors 
the formation of B-alanyl CoA By coupling this reaction to 
the hydrase reaction in an excess of ammonium salt, it was pos- 


2? From equilibrium studies at pH 7.5, the equilibrium constant 
__(8-alanyl-Pa) 


for Reaction 7, K,; = (acrylyl-Pa) (NH, 8 found to be 8.19 X 


105 (4). It has recently been called to our attention by Drs. G. W. 
Brown and P. P. Cohen that this equilibrium constant is in error 
since at pH 7.5 the reaction measured should be correctely formu- 
lated as follows: CHs—CHCOSPa + NH; + H+ = NH;*CH.CH:- 
COSPa. Thus at pH 7.5 (H* = 3.17 X 10-* Mm) the equilibrium 
constant for the latter reaction, 





- (NH,;+CH,CH,COSPa) K, 
* " (CH:=CHCOSPa)(NH;)(H*)  (H*) 
8.19 X 105 aa ne dane 
= 317x108 ~ 2 X 1, 


and the standard free energy change is AF° = —1364 log (2.58 X 
10'*) = —18,300 calories. Assuming a pK, of 10 for the amino 
group of 8-alanyl-Pa, the AF° for the acid dissociation is +13,640 
calories. Hence the standard free energy for Reaction 7 be- 
comes AF° = —18,300 + 13,640 = —4,660 calories (versus —8,060 
calories as preveiously reported (4)). 
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Fig. 1. Spectral changes during prolonged incubation of acrylyl 
pantetheine with C. kluyveri extract. The incubation mixture 
contained 50 uwmoles of triethanolamine hydrochloride buffer, pH 
7.5, 3.0 umoles of acrylyl pantetheine, and 25 mg. of crude extract 
of C. kluyveri in a total volume of 0.8 ml. A blank contained no 
thiolester. The tubes were incubated at 35°. At the indicated 
intervals an aliquot equivalent to 0.1 umole of thiolester was re- 
moved, diluted to 1.0 ml., and read against the blank in a Cary 
recording spectrophotometer with a 1.5 ml. cuvette. 


350 


sible to demonstrate the net accumulation of 6-alanyl pante- 
theine (Pa). 


8-Hydroxypropionyl-Pa = acrylyl-Pa + H:O (6) 


Acrylyl-Pa + NH; @ @6-alanyl-Pa (7) 
Sum: B-Hydroxypropionyl-Pa + NH; = 6-alanyl-Pa + H.0 (8) 


The complete incubation mixture contained 50 ymoles of 
triethanolamine hydrochloride buffer, pH 7.5, 3.0 umoles of B- 
hydroxypropiony! pantetheine, 100 umoles of ammonium chlo- 
ride, 100 units of acrylyl-CoA aminase, and 10 mg. of the di- 
alyzed extract of C. kluyvert in a total volume of 1.0 ml. The 
tubes were incubated at 37° for 1 hour. Hydroxylamine was 
then added and the hydroxamates were chromatographed in 
the secondary butanol-formic acid-water solvent system. The 
results showed that approximately 0.4 umole of B-alanyl pante- 
theine (Rr 0.13) had been formed only in the complete system. 

Further Metabolism of B-Hydroxypropionyl Pantetheine—The 
foregoing experiments were all carried out with dialyzed cell- 
free extracts of C. kluyvert. When acrylyl pantetheine was 
incubated with crude undialyzed preparations, B-hydroxypro- 
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pionyl pantetheine accumulated only as a transitory interme- 


diate; it was subsequently converted to another substrate with 


a characteristic absorption maximum at 300 mu. 
formations are illustrated in Fig. 1. The initial spectrum is that 


These trans. 





of acrylyl pantetheine with a peak at 263 mu. After incubation 
with extract for 10 minutes, the acrylyl pantetheine had virtually 
disappeared and had been replaced by a compound with a peak | 
at 232 my (6-hydroxypropionyl pantetheine). With further 
incubation a new compound with a peak around 300 my was 
easily demonstrated at 200 minutes. Evidence that the new | 
metabolite is derived from 8-hydroxypropiony] pantetheine was 
obtained by showing that incubation of purified 6-hydroxypro- 
pionyl pantetheine with crude extract also resulted in the ap- 


pearance of the new product. Accumulation of the new interme. | 


. . . . o | 
diate from 8-hydroxypropiony! pantetheine with the use of crude 


extract was so slight that enzyme purification was necessary for 
identification of the thiolester. The new intermediate is malony] | 
semialdehyde pantetheine and is produced by the action of a 


TPN-specific 8-hydroxypropionyl-CoA dehydrogenase (see be- } 


low). 

Preparation of B-Hydroxypropionyl-CoA Dehydrogenase—The | 
following operations were carried out at 0°. To 85 ml. of cell- 
free extract of C. kluyveri, containing 4.3 gm. of protein in 0.01 
M potassium phosphate buffer, pH 7.5, were added 20 ml. of 
protamine sulfate solution, 20 mg. per ml. The resulting precipi- | 
tate was removed by centrifugation and discarded. Triethanol- 
amine hydrochloride buffer, pH 7.5, was added to the protamine 
sulfate supernatant solution to bring the concentration to 0.1 m. 
Solid ammonium sulfate was added to bring the concentration 
of the salt to 0.65. The precipitate which formed was removed 
by centrifugation and discarded. Additional ammonium sul- 
fate was added to bring the concentration to 0.95. The precipi- 
tate which formed was dissolved in a minimal volume of 0.05 w | 
triethanolamine hydrochloride buffer, pH 7.5. This protein 
solution was dialyzed overnight against 3 liters of 0.01 m potas 
sium phosphate buffer, pH 7.5. This preparation was found to 
be purified about 5-fold and to contain about 60 per cent of the 
activity of the initial extract. It retained its activity for 6 
months on storage at —20°. All attempts to purify the enzyme 
further by solvent fractionation, gel adsorption, acid precipita- 
tion, and chromatography on diethylaminoethy] cellulose failed | 

Properties of Partially Purified Enzyme—The rate of forma- 
tion of malony] semialdehyde pantetheine was found to increas 
linearly with increasing concentrations of 8-hydroxypropionyl 
pantetheine (0.05 to 0.3 umole) as shown in Fig. 2A (@—— @) 
Higher concentrations of 6-hydroxypropionyl] pantetheine wer 
not used because of difficulty in preparation of the pure thiol- 
ester. The enzyme was therefore not saturated with substrate 
Hydrolysis of the B-hydroxypropionyl pantetheine by pretreat 
ing it with 0.1 N sodium hydroxide for 15 minutes at room tem- 
perature abolished the reaction (§----§). Fig. 2B indicates 
that in the presence of 0.2 umole of B-hydroxypropiony] pante- 
theine and varying enzyme concentrations, there was linear iI- 
crease in absorbance at 300 my over the limited duration that 
is illustrated. The rate of formation of malonyl semialdehyde 
pantetheine, as measured by the increase in absorbance at 300 m 
during the first five minutes after addition of enzyme, wi 
directly proportional to the enzyme concentration (Fig. 2C). 

The reaction rate increased as the pH was increased from 6! 
to 9.2 (Fig. 2D, @——@). The optimum range was from 
about pH 9.0 to 9.4. Bicarbonate and borate buffers were | 
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found to inhibit the reaction. Since the rate of reaction was 
determined by the rate of increase in absorbance at 300 mu, 
study of the pH optimum of the reaction was complicated by 
the fact that the extinction coefficient of malonyl semialdehyde 
pantetheine varies with the hydrogen ion concentration (see 
below). Fig 2D (O---©) indicates the corrected pH curve; 
the initial values having been adjusted for the change in absorb- 
ance due to enolization of malonyl! semialdehyde pantetheine. 
After the partial purification of the enzyme with ammonium 
sulfate, a clear-cut requirement for boiled-cell extract was demon- 
strated for the formation of malonyl semialdehyde pantetheine. 
TPN was found to replace completely this requirement for boiled 
cell extract. Fig. 3 shows the stimulatory effect of TPN on the 
tate of the reaction and indicates that the partially purified 
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Fig. 2. Properties of the partially purified enzyme. A. The 


effect of 8-hydroxypropionyl pantetheine (PA) concentration on 
the rate of malonyl semialdehyde pantetheine formation. 1.5 ml. 
cuvettes with 1.0 cm. light path were used. The cuvettes con 
tained 100 uzmoles of 2-amino-2-methyl-1 ,3-propanediol buffer, pH 
9.4, the indicated amount of 8-hydroxypropionyl pantetheine, 5.0 
umoles of TPN, and 1.6 mg. of the purified enzyme in a total 
volume of 1.0 ml. A blank lacked thiolester. The time interval 
(t) that was required for the absorbance to increase by 0.1 after 
the addition of enzyme was noted. Velocity (v) = 1/t. -----8 
indicates the values obtained when 8-hydroxypropionyl pante- 
theine was preincubated for 15 minutes at room temperature with 
0.1 N sodium hydroxide. 

B. The effect of enzyme concentration on the rate of formation 
of malonyl semialdehyde pantetheine. Cuvettes contained 100 
umoles of 2-amino-2-methyl-1,3-propanediol buffer, pH 9.4, 0.2 
umole of 8-hydroxypropiony] pantetheine, 2.0 umoles of TPN, and 
the indicated amounts of enzyme solution in milliliters (solution 
contained 16.5 mg. of protein per ml.) in a total volume of 1.0 ml. 
A blank contained no thiolester. The absorbance was followed 
at 300 mu. 

C. Relationship between rate of formation of malonyl semi- 
aldehyde pantetheine (PA) and enzyme concentration as derived 
from data of Fig. 2B. The rate of the reaction was measured as 
the increase in absorbance at 300 my during the first 5 minutes 
after addition of enzyme. 

D. Effect of pH on the rate of formation of malonyl semialde- 
hyde pantetheine (PA). Cuvette contents were the same as in 
Fig. 2B except that 100 umoles of either triethanolamine hydro- 
chloride buffer (pH 6.9 to 9.2) or 2-amino-2-methyl-1 ,3-propane- 
diol buffer (pH 9.2 to 10.0) were substituted for the buffer, and 1.6 
mg. of enzyme were used in each case. The rate of reaction was 
measured as in Fig. 2C. @——®@ indicates the uncorrected rate 
values. O----- O shows the rate values that have been corrected 
by subtracting the increase in absorbance that was due to the 
increased enolization of malonyl semialdehyde pantetheine. 


enzyme preparation was practically resolved of activity in the 
absence of TPN. DPN could not replace TPN under these 
experimental conditions. 

The partially purified enzyme solution contained both a 
TPNH-oxidase and an enzyme that catalyzed the slow oxidation 
of malonyl semialdehyde pantetheine. These contaminating 
activities were partially removed by the purification, but no 
preparations were free from them. In order to demonstrate 
TPNH formation during the oxidation of 6-hydroxypropiony] 
pantetheine, an anaerobic cuvette was used. Fig. 4 shows that 
when 0.6 umole of B-hydroxypropionyl pantetheine and 2.0 
pumoles of TPN were incubated anaerobically with 5 mg. of 
enzyme there were rapid simultaneous increases in absorbance 
at 300 my due to malonyl] semialdehyde pantetheine formation 
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Fig. 3. Effect of TPN on rate of formation of malonyl semi- 
aldehyde pantetheine. Cuvette contents were the same as in 
Fig. 2B except that the concentration of TPN (umole per ml.) 
was varied as indicated and that 1.6 mg. of enzyme were used. 
Velocity (v) of the reaction was measured as in Fig. 2A. 
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Fig. 4. Demonstration of TPNH accumulation during forma- 
tion of malonyl semialdehyde pantetheine. A 3.0-ml. cuvette 
(1.0 cm. light path) was used as the main compartment of a modi- 
fied Thunberg tube for anaerobic experiments. The main 
compartment contained 300 uwmoles of 2-amino-2-methyl-1,3- 
propanediol buffer, pH 9.4, 0.6 umole of 8-hydroxypropionyl 
pantetheine, and 2.0 umoles of TPN in a total volume of 3.0 ml. 
After gassing with helium for 3 minutes the reaction was started 
by tipping in 5.0 mg. of enzyme from the side arm. A blank con- 
tained only buffer and water. Absorbance was followed at both 
300 and 340 mu. 


40 


oO 


dl 


and at 340 mu due to TPNH formation. However, after 30 
minutes, the absorbance at 300 my gradually declined whereas 
the absorbance at 340 my continued to rise slowly. It will be 
shown in a subsequent paper that the secondary loss in 300 my 
absorbance was due to the further oxidation of malonyl semial- 
dehyde pantetheine to malonyl pantetheine by a TPN-specific 
dehydrogenase. Interference by the latter reaction made it 
impossible to establish stoichiometry of $-hydroxypropionyl 
pantetheine oxidation from spectrophotometric analysis alone. 
Since 8-hydroxypropionyl-CoA was presumed to be the natural 
substrate in the reaction being studied, an experiment was done 
to test its ability to stimulate the increase in absorbance at 300 
mu. As can be seen in Fig. 5 (@——@), when 0.1 umole of 
8-hydroxypropionyl-CoA was incubated in the complete system, 
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there was a very rapid increase in absorbance at 300 my but 
this stopped in about 2 minutes. When §-hydroxypropiony] 
pantetheine was substituted in such an experiment (O-——0) 
the increase at 300 my was linear through the first 10 minutes, 
This experiment suggested that 6-hydroxypropionyl-CoA was 
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Fic. 5. Comparison of reactivity of 6-hydroxypropionyl-CoA 
and 8-hydroxypropiony! pantetheine in synthesis of malony] semi- 
aldehyde thiolesters. Cuvettes contained 100 wmoles of 2-amino- 
2-methyl-1,3-propanediol buffer, pH 9.4, 0.1 umole of 8-hydroxy- 
propionyl-CoA (@ @) or §-hydroxypropionyl pantetheine 
(@----- @), 1.0 umole of TPN, and 1.6 mg. of enzyme in a total 
volume of 1.0 ml. Blank cuvettes contained no thiolester. 
actions were started by addition of the enzyme. 
was followed at 300 mu. 
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Fic. 6. TPNH-dependent disappearance of malonyl semialde- 
hyde pantetheine. A cuvette contained 200 umoles of triethanol- 
amine hydrochloride buffer, pH 8.0, and 0.03 umole of malony! 
semialdehyde pantetheine in a total volume of 1.0 ml. A blank 
contained only buffer and water. At the indicated times 0.3 mg. 
of enzyme or 0.04 umole of TPNH was added to both cuvettes 
Absorbance was followed at 300 mu. 
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oxidized much more rapidly than the pantetheine derivative, 
and that the malonyl semialdehyde-CoA was also metabolized 
very rapidly by the contaminating dehydrogenase. 

Reversibility and Stoichiometry of Reaction—The reversibility 
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Fic. 7. Properties of malonyl semialdehyde pantetheine. A. 
Ultraviolet spectrum. Cuvettes contained 200 umoles of 2-amino- 
2-methyl-1,3-propanediol buffer, pH 9.4, and 0.03 umole of syn- 
thetic (----- ) or enzymatic (——) malonyl semialdehyde pante- 
theine in a total volume of 1.0 ml. A blank contained only buffer 
and water. The spectral change 1 minute after addition of 100 
umoles of neutral hydroxylamine to both cuvettes is indicated 
(---). A Cary recording spectrophotometer was used. 

B. pH and magnesium ion effect on the absorbance. Cuvettes 
contained 200 umoles of buffer, 0.03 umole of malonyl semialdehyde 
pantetheine, and where indicated 500 ymoles of magnesium chlo- 
ride in a total volume of 1.0m]. The buffers used were potassium 
acetate (pH 4.5), triethanolamine hydrochloride (pH 6.8 to 8.4), 
and 2-amino-2-methyl-1,3-propanediol (9.0 to 9.6). A blank con- 
tained only buffer and water. Absorbance was read at 300 mu. 

C. Reaction-rate constants of alkaline hydrolysis. Cuvettes 
contained 0.03 umole of malonyl semialdehyde pantetheine and 
sodium hydroxide solution to give the final concentration indi- 
cated above in a total volume of 1.0 ml. A blank contained alkali 
and water. Absorbance was followed at 300 mp. The first order 
reaction-rate constants were calculated from the time (&) re- 
quired for the disappearance of one-half the malony! semialdehyde 
pantetheine. K = 0.693/t. 

D. Reaction with hydroxylamine and p-chloromercuribenzoate. 
Cuvettes contained 100 ymoles of triethanolamine hydrochloride 
buffer, pH 8.0, and 0.061 umole of malonyl semialdehyde pante- 
theine in a total volume of 1.0 ml. Blank cuvettes contained 
only buffer and water. p-Chloromercuribenzoate, 0.1 umole, was 
added to both the test and blank cuvettes at 0.5 minute in one 
experiment (O----- ©); and 100 uwmoles of neutral hydroxylamine 
were added to each in another experiment (@——-@). Absorb- 
ance was followed at 300 my, a correction being made for the added 
volume at 0.5 minute for the plotting. 


of the reaction was established with enzymatically formed 
malonyl semialdehyde pantetheine. Incubation of the thiol- 
ester in the presence of enzyme and TPNH (Fig. 6) caused a 
rapid decrease in the absorbance at 300 my (indicating a disap- 
pearance of malonyl semialdehyde pantetheine). With a slight 
excess of TPNH (to allow for the oxidation by the contaminating 
TPNH-oxidase), the reaction proceded to completion. The 
equilibrium of the reaction strongly favored 6-hydroxypropiony] 
pantetheine. Synthetically produced malonyl semialdehyde 
pantetheine was equally reactive in this reaction, and malonyl 
semialdehyde-CoA was approximately 20 times as reactive as 
the pantetheine ester. 
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The reaction of malonyl semialdehyde pantetheine with TPNH 
catalyzed by the partially purified enzyme at pH 8.0 was much 
faster than the oxidation of this thiolester to malonyl pante- 
theine by the contaminating enzyme present in this protein 
fraction. Because of this, an attempt was made to establish the 
stoichiometry of the former reaction. Two types of experiments 
were done. With a spectrophotometric assay that measured 
TPNH disappearance at 340 my it was found that 0.05 and 0.1 
pmole of malonyl semialdehyde pantetheine reacted with 0.049 
and 0.098 umole of TPNH, respectively. 
for the TPNH-oxidase activity was made. 

Since malonyl] semialdehyde thiolesters do not give hydroxamic 
acid derivatives (see below) and 6-hydroxypropiony] thiolesters 
do, it was possible to measure the TPNH-dependent reaction by 
noting the amount of hydroxamate-forming material that was 
produced by the reaction. Reaction mixtures contained 100 
pmoles of triethanolamine hydrochloride buffer, pH 8.0, 1.4 or 
2.8 umoles of malonyl semialdehyde pantetheine, 4.0 wmoles of 
TPNH, and 7.0 mg. of enzyme in a total volume of 1.3 ml. The 
mixtures were incubated for 8 minutes at room temperature and 
the reactions were stopped by addition of neutral hydroxylamine. 
Quantitative hydroxamate assay showed a net increase of 1.2 
and 2.5 umoles in the tubes containing 1.4 and 2.8 umoles of 
malonyl semialdehyde thiolester respectively. In order to es- 
tablish that the product of the observed reaction was 6-hydroxy- 
propionyl pantetheine, the hydroxamic acid derivatives were 
extracted and chromatographed in two solvent systems. Only 
the complete system contained a single hydroxamate spot; and 
that was inseparable from authentic 6-hydroxypropiony] hydrox- 
amate. 

Preliminary Studies of Malonyl Semialdehyde-CoA Metabolism 
by Other Tissuwes—Cell-free extracts of fresh rabbit liver and 
acetone powder extracts of pig heart muscle were found to 
catalyze the disappearance of malonyl semialdehyde-CoA. The 
reactions in both tissues are of two types. The first type is 
dependent upon DPNH, 1 equivalent of DPNH being used up 
during the disappearance of 1 equivalent of malonyl semialde- 
hyde-CoA. The second type of reaction studied in these two 
tissues is the disappearance of malonyl semialdehyde-CoA that 
is 30 to 40 per cent stimulated by DPN when ammonium sulfate 
fractions of the above tissues were used. The products of these 
reactions have not yet been identified because of interfering 
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Fig. 8. Quantitative assay of 8-carbonyl thiolesters by the 
modified dithizone method (13). Malonyl semialdehyde pante- 
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theine (----- ) and acetoacetyl pantetheine (——) were assayed at 
the indicated concentrations. 
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enzymatic reactions, but the experiments suggest that malonyl | since | 
semialdehyde-CoA is both reduced and oxidized by extracts of | thioles 
these tissues. to inv« 

Identification of Enzymatic Product: Properties and Reactions | there 1 
of Malonyl Semialdehyde Thiolesters—In all the properties and} noted 
reactions that were examined the enzymatic and synthetic { conclu: 
thiolesters behaved identically. The ultraviolet spectrum of the | formed 
column-purified malonyl semialdehyde pantetheine had a peak | theine 
at 299 to 300 my (Fig. 7A). The spectrum of the synthetic} were i 
thiolester (-----) was essentially superimposable on the spectrum | mercar 
of the enzymatic product (——). The lower wave length spec. | solvent 
trum (below 250 my) varied in different preparations due to the | acetate 


limitations of the purification technique. The effect of pH and | the pay 
magnesium ions on the absorbance at 300 my is shown in Fig.| wave u 


7B. It should be noted that increasing the pH from 45 to 9.1 | with p- 
increased the absorbance about 16-fold. Above pH 9.1 there { dehyde 
was no further increase in absorbance. As in the case of aceto- | sensitiv 
acetyl thiolesters (15, 9), the absorbance of malonyl] semialde- | other t 


hyde thiolesters is probably due to the formation of an enolate? spectro) 


ion. In the case of malonyl semialdehyde thiolesters, the com-| modific 
pound is apparently fully enolized at pH 9.1 and further increase} (13). | 
in pH does not increase the absorbance. Addition of magnesium } the ran; 
ions increased the absorbance at pH values in the middle of the | theine 


range that was tested. There was no effect at pH 4.5 nor at} gave ze’ 

pH values above 9.1. Magnesium ion stabilization of the enol | panteth 

form has also been described in acetoacety] thiolesters (16). 
Malonyl semialdehyde thiolesters showed remarkable re- 


theine, 
and pro 


sistance to alkaline hydrolysis. Fig. 7C shows the first order Alter 
reaction-rate constants of hydrolysis at different concentrations { assayed 
of alkali at room temperature. The compound had a half-life of | develop 


esters b 
200 ume 


9 minutes in 4.5 N sodium hydroxide. Most of the known 
saturated thiolesters have a half-life in 0.1 N alkali at room 





temperature of 1 to 2 minutes (11). 0.01 to ( 

Malonyl semialdehyde thiolesters are quite stable for 2 to3) toa 1.0 
weeks if kept at pH 1.0 and at —20°. At neutral or alkaline} lacked t 
pH they decompose in a few days even at low temperatures} 100 umx 
They are destroyed by heating at 100° for 10 minutes at pH 7.0] cuvette 
and pH 4.5. Lyophylization of acid solutions of both the! is equiv: 
synthetic and enzymatically formed malonyl semialdehyde | In ore 


thiolesters caused a shift in the peak of the ultraviolet species semialde 


from 299 to 305 muy, decrease in the spectral response to pH| p-chloro 





changes, loss of reactivity with p-chloromercuribenzoate and| ester, 
hydroxylamine, and loss of the ability to reverse the enzymatic} to the 2 
reaction. chromat 
Malonyl semialdehyde thiolesters react very rapidly with} in a so 
neutral hydroxylamine. Fig. 7D (@——-@) indicates the de} (100:18: 
crease in absorbance at 300 my that occurs and is complete 
within 60 seconds after the addition of hydroxylamine. Fig 
7A (—--) shows the complete ultraviolet spectrum after the Previo 
reaction with hydroxylamine. The product of this reaction catalyze 
though not identified, did not give the color reaction of a by- CoA (1) 
droxamic acid and was probably an isoxazolone. Thiolesters oi} PTPlony 
B-keto acids are known to form isoxazolones when they reat! metaboli 
with hydroxylamine (10), and this compound probably reacts depender 
similarly. mechanis 
In contrast to most thiolesters malonyl semialdehyde thio! Giovane] 
esters also react with p-chloromercuribenzoate. Fig. 1 
(O-----O) indicates that the reaction is a little slower than ths! — 
with hydroxylamine; however, both reactions are rapid and} 2. Kypp 
to completion. The marked sensitivity to p-chloromercut: (19% 
benzoate may be a common property of all 8-carbony] thiolester| 3. Gtov. 
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since Stern (9) has reported a similar effect on acetoacetyl 
thiolesters. The reaction with p-chloromercuribenzoate appears 
to involve lysis of the thiolester and mercaptide formation since 
there was a concomitant increase in absorbance at 255 my as 
noted by Boyer (17) for mercuric benzoate mercaptides. This 
conclusion was further supported by showing that the products 
formed by reacting p-chloromercuribenzoate with the pante- 
theine thiolesters of acetoacetate and malonate semialdehyde 
were indistinguishable from mercuric benzoate pantetheine 
mercaptide (Rr 0.82) when chromatographed (0.2 umole) in a 
solvent system consisting of equal parts of 0.1 mM potassium 
acetate, pH 4.5, and ethanol. The compounds were detected on 
the paper chromatograms as dark quenching spots with a short 
wave ultraviolet light. The reaction of 8-carbonyl thiolesters 
with p-chloromercuribenzoate (also noted with malony] semial- 
dehyde-CoA and acetoacetyl-CoA) provided the basis for a 
sensitive quantitative assay of these esters in the presence of 
other thiolesters. The mercaptide formed could be measured 
spectrophotometrically as described by Boyer (17) or by a 
modification of the dithizone procedure of Fridovich and Handler 
(13). Fig. 8 shows that a stoichiometric reaction occurs over 
the range of 0.01 to 0.05 umole of malonyl semialdehyde pante- 
theine or acetoacetyl pantetheine. The following thiolesters 
gave zero values with these assays: propiony]! pantetheine, acety] 
pantetheine, $-hydroxypropionyl pantetheine, lactyl pante- 
theine, acrylyl pantetheine, crotonyl pantetheine, acetyl-CoA, 
and propionyl-CoA. 

Alternatively, the malonyl semialdehyde thiolesters could be 
assayed spectrophotometrically by a modification of the method 
developed by Stern (9) for determination of acetoacety] thiol- 
esters by the reaction with hydroxylamine. In the latter case 
200 umoles of 2-amino-2-methy]-1 ,3-propanediol buffer, pH 9.4, 
0.01 to 0.05 ymole of malonyl semialdehyde thiolester, and water 
toa 1.0 ml. volume were added to one cuvette. A blank cuvette 
lacked thiolester. Absorbance was noted at 300 my, and then 
100 umoles of neutral hydroxylamine were added to each. Ina 
cuvette with a 1.0 em. light path, a decrease in absorbance of 2.54 
is equivalent to 0.1 umole. 

In order to further identify the enzymatic product as malonyl 
semialdehyde pantetheine, advantage was taken of the fact that 
p-chloromercuribenzoate was shown to rapidly cleave the thiol- 
ester. The free malonate semialdehyde released was converted 
to the 2,4-dinitrophenylhydrazone derivative and was identified 
chromatographically (5) by comparison with a synthetic sample 
in a solvent system consisting of n-butanol-water-ammonia 
(100:18:1.2) at an Re of 0.35. 


DISCUSSION 

Previous work has established that crystalline crotonase can 
catalyze the formation of 6-hydroxypropionyl-CoA from acrylyl- 
CoA (1). In contrast to the present findings, 6-hydroxy- 
propionyl-CoA was shown to undergo deacylation before further 
metabolism. This evidence plus the demonstration of a DPN- 
dependent $-hydroxypropionate dehydrogenase established a 
mechanism for the formation of free malonate semialdehyde. 
Giovanelli and Stumpf (3) isolated free B-hydroxypropionate 
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during the oxidation of propionic acid in mitochondria of peanut 
cotyledons and postulated that it was formed by deacylation of 
8-hydroxypropionyl-CoA in order to explain the cofactor re- 
quirements of the over-all reaction although no intermediate 
thiolesters were isolated. They further postulated the oxidation 
of the free 8-hydroxypropionate to free malonate semialdehyde 
in order to explain the fact that the C™ of 8-hydroxypropionate- 
1-C'4 was rapidly released as COs. 

Cell-free extracts of C. kluyveri catalyze the oxidation of 
propionic acid. The formation of 8-hydroxypropionyl pante- 
theine from acrylyl pantetheine by extracts of this organism has 
been clearly established in this paper, and oxidation of the 
6-hydroxypropiony! thiolester was shown to occur without the 
intervention of a deacylase. Malonyl semialdehyde-CoA was 
shown to be the product of the dehydrogenation reaction which 
is TPN-specific in this organism. Preliminary results indicate 
that the latter pathway of propionate metabolism may not be 
restricted to C. kluyveri. Cell-free extracts of rabbit liver and 
pig heart muscle were found to catalyze the rapid disappearance 
of malonyl semialdehyde-CoA by partially or wholly pyridine 
nucleotide dependent mechanisms. It remains to be determined 
if malonyl-CoA is a product in these latter systems. Thus far 
malonyl-CoA has been identified as the product of oxidation of 
malony] semialdehyde-CoA only in C. kluyveri. 


SUMMARY 


1. Cell-free extracts of Clostridium kluyveri were demonstrated 
to catalyze the hydration of acrylyl pantetheine to form £- 
hydroxypropionyl pantetheine. The product of this reaction 
was identified by chromatographic comparison of the hydroxamic 
acid derivative to authentic B-hydroxypropiony] hydroxamate. 
Reversibility of the reaction was demonstrated by showing that 
B-alany] pantetheine was formed when this reaction was coupled 
with the acrylyl coenzyme A aminase reaction. 

2. A partially purified enzyme from this organism was shown 
to catalyze a triphosphopyridine nucleotide-specific dehydrogena- 
tion of 6-hydroxypropiony! thiolesters to form thiolesters of 
malonate semialdehyde. This enzyme was inactive with free 
B-hydroxypropionate. The pH optimum of the reaction was 
9.0 to 9.4. The reaction was readily reversible. 

3. The product of B-hydroxypropiony] thiolester dehydrogena- 
tion was shown to be malonyl] semialdehyde thiolester by com- 
parison with a synthetic thiolester on the following criteria: 
ability to reverse the enzymatic reaction, ultraviolet spectros- 
copy, modification of the ultraviolet spectrum by pH and 
magnesium ions, relative resistance to alkaline hydrolysis, re- 
action with hydroxylamine and p-chloromercuribenzoate. The 
reaction of B-carbony] thiolesters with p-chloromercuribenzoate 
provided the basis for a sensitive quantitative assay. The two 
products of this reaction were mercuric benzoate pantetheine 
mercaptide and free malonate semialdehyde. 
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In isolated cell walls of bakers’ yeast, Northcote and Horne 
(1) demonstrated the presence of two polysaccharides, an outer 
glucan envelope and an inner mannan component. Associated 
with the latter was nitrogenous material, which was assumed to 
be proteinaceous on the basis of detection (by chromatography) 
of amino acids in the products of its partial hydrolysis. Sub- 


} sequently, Falcone and Nickerson (2) reported the isolation from 


the cell wall of bakers’ yeast of a homogeneous structural entity, 
which consisted of protein and mannan in the ratio (by weight) 
of 1:12. The mannan and the protein were shown to be tightly 
bound, since the polysaccharide could not be precipitated as the 
copper complex by treatment with cold Fehling’s reagent. In 
the ultracentrifuge, the mannan-protein appeared to be mono- 
disperse at several concentrations in water and in buffer. Thus, 
these investigations indicated the presence of natural carbo- 
hydrate-protein complexes in the yeast cell wall. The present 
report describes more detailed studies on the chemical constitu- 
tion of three polysaccharide-protein entities isolated from cell 
walls of yeasts. 


EXPERIMENTAL 


Microbiological Methods—Cell wall preparations were made 
from the following yeasts: Saccharomyces cerevisiae (Anheuser- 
Busch, commercial bakers’ yeast), S. cerevisiae, 18.29, Candida 
albicans 582, C. albicans 806, and C. albicans RM 806. De- 
scriptions of the three strains of C. albicans have been given in 
detail elsewhere (3, 4). Strain 18.29 of S. cerevisiae is a high 
nitrogen veast, and was obtained originally from The Fleisch- 
mann Laboratories. 

To obtain a sufficient weight of cells for the isolation of cell 
walls, the strains of C. albicans were grown in a synthetic medium 
(medium No. 2), composed of glucose, ammonium sulfate, biotin, 
and mineral salts (4), with continuous agitation at 28° for 48 
hours. Batches of 20 liters were grown in 2-liter flasks (0.5 
liter of medium per flask) on a large reciprocating shaker. The 
cells were harvested by low speed centrifugation, and washed 
twice with distilled water. Two crops of cells of S. cerevisiae 
18.29 were grown in a 40-liter stainless steel fermenter. For 
this purpose, medium No. 2 was supplemented with the following 
ingredients (in gm. per l.): monosodium glutamate, 1.0; ZnSO,- 
7H.O, 0.005; Fe(NH,4)2(SO,4)2-6H2O, 0.015; and yeast extract, 
0.50. The fermenter was charged with 25.5 1. of basal medium 
and 1.5 1. of 40 per cent glucose solution (supplied as Cerelose), 
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sterilized separately, was added with sanitary precautions. The 
inoculum consisted of 3 1. of a heavy suspension (obtained from 
a single cell isolate) that had been grown in flasks for 72 hours 
with continuous agitation. After incubation in the fermenter 
at 30° for 72 hours, with agitation at 110 r.p.m., and an air flow of 
5 liters per minute, the cells were harvested in a Sharples separa- 
tor, and washed once with 0.25 m sucrose. 

Preparation of Isolated Clean Cell Walls—Cells of bakers’ yeast 
and of C. albicans were suspended in 0.25 m sucrose solution 
(150 gm. of yeast in 50 ml. of solution), and disrupted in the 
cold by agitation for 90 minutes in a Waring Blendor with glass 
beads according to the method of Lamanna and Mallette (5). 
Cell wall fragments were isolated by differential centrifugation 
and repeated washing with distilled water, 0.25 m sucrose solu- 
tion, and phosphate buffer (pH 7.4, 0.1 m). After a sequence of 
about 50 washings, a preparation of cell wall material was ob- 
tained which, as revealed by light and electron microscopy, was 
entirely free from intact cells and from other particulate cellular 
matter. This material was lyophilized. All the analyses were 
carried out on material prepared in this way after drying at 12 
mm. Hg over P.O; at 45°. 

Determination of Total Nitrogen—Total N was determined by a 
modified micro-Kjeldahl digestion (6) followed by distillation 
and titration. 

Chromatography of Sugars—Descending chromatograms were 
run on Whatman No. 1 paper with butanol-acetic acid-water 
(4:1:5) for 25 and 40 hours. The sugar spots were located by 
spraying with saturated aqueous aniline oxalate, tripheny]l 
tetrazolium chloride (7), or p-anisidine-HCl (8). For quantita- 
tive determination of sugars on paper chromatograms, the p- 
anisidine-HCl technique of Pridham (9) was used. 

Chromatography of Amino Acids—One-dimensional chroma- 
tograms were run in butanol-acetic acid-water (4:1:5) and in 
propanol-acetic acid-water (5:1:4). Buffered paper chroma- 
tography, employing phenol and m-cresol as solvents, was 
carried out as described by McFarren (10). Two dimensional 
chromatograms were run in butanol-acetic acid-water (4:1:5) 
and phenol-m-cresol (1:1) buffered at pH 9.3 with borate ac- 
cording to Levy and Chung (11). The papers were sprayed with 
0.25 per cent ninhydrin in water-saturated butanol. Where a 
quantitative determination of amino acids was required, the 
method of Bode (12) was applied. 

Lipide Analysis—Lipides were liberated from preparations of 
clean cell wall material by a three stage extraction method similar 
to that described by Peck (13). Extractions were carried out at 
room temperature under nitrogen with freshly distilled solvents. 

Cell wall fragments were suspended in alcohol-ether (1:1), and 
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fresh solvent. The extracts thus obtained were combined and 
concentrated under reduced pressure to an aqueous suspension 
of lipide material. The lipides were then extracted into ether. 
The ether extract was dried over anhydrous Na2SO,. 

Subsequently, the cell wall material was twice extracted with 
chloroform for 24 hours. Upon removal of the solvent, the 
chloroform extracts yielded a second fraction of lipides. No 
attempt was made to fractionate further the readily extracted 
lipides. 

Chemically bound lipides and occlusion lipides were extracted 
by subjecting the residual wall material to a mild digestion with 
alcohol-ether (1:1) containing 1 per cent HCI at 50° for 5 hours 
(14-16). Cell residues were filtered off, washed with alcohol and 
ether, and exhaustively extracted with ether chloroform. The 
extracts were combined and worked up as described above. 

Isolation of Carbohydrate-Protein Complexes—Lyophilized 
walls, from which lipides had been extracted, were suspended in 
1 n KOH (100 ml. per gm. of material) and stirred at room 
temperature under nitrogen for 30 minutes. After centrifuga- 
tion, the solution was siphoned off and the residue was re-ex- 
tracted further with KOH for 30 minutes. The residue from 
this extraction was thoroughly washed by suspending it in water 
and centrifuging. The washings and alkali extracts were com- 
bined, and the residual material (referred to as glucan-protein) 
was lyophilized. 

The alkaline extract was filtered, and the clear solution was 
saturated with ammonium sulfate and left in the cold overnight. 
A precipitate formed which was collected by high speed cen- 
trifugation. Precipitate and supernatant were dialyzed sep- 
arately against running tap water for 3 days. After evaporation 
to small bulks under reduced pressure, the two fractions were 
lyophilized. The precipitate was referred to as glucomannan- 
protein I, and the supernatant contained glucomannan-protein 
II. 

Acid Hydrolysis—For monosaccharide constituents, samples 
of cell wall complexes (4 to 5 mg.) were hydrolyzed at 105° with 
2 mi. of 4 .N sulfuric acid (hydrolysis times: glucan-protein, 12 
hours; glucomannan-protein I, 6 hours; glucomannan-protein IIT, 
5 hours). Neutralization was effected with BaCO3;; the BaSO, 
thus formed was filtered off. The filtrate was subjected to 
mechanical agitation with an ion exchange mixture (Dowex 
1-X8-Dowex 50-X4, 1:1 by volume) for 30 minutes to remove 
amino acids and other ionic material. Upon removal of the 
resin, the solution was evaporated to dryness at 25° under re- 
duced pressure. The monosaccharide constituents in the 
hydrolysate were identified by chromatography. The ratio of 
the hexose components was established by subjecting aliquots 
of the hydrolysate to the phenol-sulfuric acid reaction (17), and 
to a glucose oxidase treatment (Glucostat, Worthington Bio- 
chemical Corporation). 

For aminosugars, 10 mg. samples were hydrolyzed with 5 ml. 
of 2 n HCl for 2 hours in a boiling water bath. The liberated 
hexosamine was determined quantitatively by a modified Elson 
and Morgan method (18). 

For amino acids, samples of wall material (10 mg. for qualita- 
tive analysis, 60 to 70 mg. for quantitative analysis) were weighed 
into Pyrex vials and 200 volumes (per weight) of 6 N glass- 
distilled HCl added. After freezing the suspension in a dry 
ice-acetone mixture, the vials were closed under vacuum at the 
water pump. The sample was then hydrolyzed for 18 hours at 
105° The hydrolysate was evaporated at 25° under vacuum, 
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dissolved in water, and re-evaporated several times. For a 
qualitative analysis the amino acids were separated from carbo- 
hydrate constituents by adsorption on a mixed resin bed (Dowex 
1-X8, OH form; Dowex 50-X4, H-form, in a ratio of 1:1 by | 
volume), and-subsequently eluted with 10 nN HCl, whereupon the | 
acid was removed under reduced pressure. Traces of inorganic | 
matter were eliminated with a Reco desalter at 15 to 25 volts, 
The desalted amino acids were investigated chromatographically, 

Chromatography of Amino Acids on Ion Exchange Resins— 
Where a quantitative analysis of the protein constituents was | 
undertaken, the amino acids were separated and analyzed by the 
technique of ion exchange (19). Separation was carried out on 
two columns with volatile acids for elution. 

Column 1 was prepared with Dowex 1-X8, acetate form, | 
0.9 x 30 cm. The hydrolysate of 60 to 70 mg. wall material 
was taken up in 2 ml. of 0.5 N acetic acid and fed onto the column. 
The column was operated at room temperature at a flow rate of | 
4 ml. per hour, and the effluent was collected in 1 ml. fractions. 
All fractions were evaporated to dryness at 25° under vacuum; } 
the neutral and basic amino acids (Fractions 1 to 32) 
combined for complete separation on Column 2. 

Column 2 was prepared with Dowex 50-X4, hydrogen form, } 
0.9 <x 130 cm. The column was provided with a water jacket 
for temperature control. The effluent was collected in 2 ml. 
fractions at a rate of 8 ml. per hour. After the emergence of | 
glycine, the temperature of the jacket was raised from 25 to 50° 
and exponential gradient elution was applied (20), with the use 
of a device with a constant-volume mixing chamber. After 800 
ml. had been collected, the effluent solution was 4.N. Before all 
analysis, the fractions were evaporated to dryness at 25° under 
vacuum. 

Every second fraction was taken for analysis with 1 ml. of a 
strongly buffered ninhydrin reagent (21). After the position of 
the peaks had been established, they were identified by paper | 
chromatography. In few instances, where a slight overlapping 
of the peaks occurred, the ratio of the two constituents was | 
determined by quantitative paper chromatography. Finally, 
all remaining fractions containing amino acid material were 
analyzed. Recoveries were calculated from color yields on a 
molar basis relative to leucine (22); glutamic acid, aspartic acid, 
and methionine values were corrected, furthermore, for loss which 
occurs during elution (19). 


were 





RESULTS 


The lipide content of purified cell wall material from bakers 
yeast and C. albicans is given in Table I. For bakers’ yeast, 
values were obtained which are in agreement with data in the | 
literature (1), whereas C. albicans accumulates lipides to a much 
lesser extent in the cell wall, and an average value of 1.1 per cent 
is found independently of the strain and the medium on whieh 
the organism has been grown. 

The lipide-free wall preparations were subjected to the frae- 
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a TABLE I where the alkali-soluble entities predominate, the ammonium 
- Lipide content of purified cell wall material sulfate precipitable complex being the biggest fraction found. 
x | — : An analysis of the complexes for monosaccharide constituents 
y | Organism | Base Botton | Cone Sete owes tte revealed glucose and mannose as the only carbohydrate-building 
Ne oes =r~anen - — we | ~ units. The ratio of the two components was determined and the 
1¢ . | “ me ‘ figures are given in Table III. The data indicate the presence 
8. Bakers’ yeast seceeeeeeee 0.81 | 0.42 | 6.88 8.11 of a glucan and two glucomannan complexes in the cell wall. A 
y. } 5. cerevisiae 18.29...... $43 | 0.08 | 0.82 | 10.19 constant carbohydrate composition was found in the three com- 
COE Es = <=> +> = | te | peed Map plexes in the bakers’ yeast preparations, as well as in the C 
an | C. albicans RM 806. 0.59 0.43 | 0.16 | 1.18 Ibi naneel 4 . , 
) C. albicans 582...... 0.20 0.32 | 0.57 9 QV 
he oath In all of the glucan preparations that have been isolated, a 
on 
I Tasie II 
7 } Recoveries of cell wall complexes 
of | Alkali-soluble material 
Total wall | = cnensibnietatctneennamite 
ms. Organism material before | Total recovered Alkali-resistant material d po 
im; } fractionation NH«SQ, precipitate U — 
ere cad ees e ced _—— o 
mg. % mg. % mg. % mg. % 
rm, } Bakers’ yeast 210 89.9 7.4 41.6 28.5 | 13.6 | 73.0 34.7 
ket 900 375.0 41.7 78.8 | 8.8 | not recovered 
ml. S. cerevisiae 18.29 3800 96.0 1074.8 28.3 2121.6 55.8 453 .7 | 11.9 
2 of | C. albicans 806 990 81.4 445.8 45.0 21.1 2.1 339.7 34.3 
50° C. albicans RM 806 696 95.7 324.9 46.7 52.2 7.5 289.3 41.5 
oth C. albicans 582 541 77.6 256.7 47.4 16.0 3.0 147.0 27.2 
800 
e all 
nder TaBLe III small amount of mannose has been detected, this is probably due 
Ratio of glucose to mannose in cell wall complezes to the fact that the mild alkaline treatment which is used for the 
olay - ~ fractionation of the wall preparations is not able to dissociate 
m of | poe ar —— the glucomannans completely from the insoluble glucan skeleton. 
ape Organism — — A prolonged exposure of the glucan to alkali can remove these 
yping ee Men Glecose| on ila —_ traces of glucomannan, but at the same time this treatment 
way - : i ee |__| Ss causes a degradation or even a destruction of the protein that is 
ally, % % % Te To % associated with the carbohydrate material. 
were § Bakers’ yeast......... 95 5 47 | 53 | 35 | 65 An equal amount of glucose and mannose is found in the 
on} S. cerevisiae 18.29.......| 95 5 45 55 33 67 material that can be precipitated from alkaline solution with 
acid, pC. albicans 806...... 95 & * 52 | 37 63 ammonium sulfate, whereas, mannose accounts for approxi- 
which : rene eis | ns : ~ Ve mately 3 of the total sugar in the hydrolysate of the glucomannan 
i aie ete eae Da ae ____ complex II. 
akers Tasie IV 
yeast, Nitrogen content and distribution in isolated wall fractions 
ARR meee eesenepreres —— — ee ee : 
much Glucan protein Glucomannan-protein I Glucomannan-protein II 
r cent Organism | | | =i Ds oe ee _— i ; 
whid Total N aHexos., |Protein Nil yrotein . | Total N aHexos. , | Protein Nt | a ean (Total N| , Hexos. | Protein Nt see 
; ‘ae % % % % " % % % —% «| Om % % % 
» HPT akers’ yeast... 0.94 | 0.07 | 0.87 5.43 | 12.40) 0.03 | 12.37 | 77.31 | 0.98) 0.04 | 0.94 | 5.87 
vidus! S. cerevisiae 18.29t... 7.00 | 0.04 6.96 43.50 | 14.00 0.02 13.98 87.38 0.94 0.06 0.88 5.50 
resists | (’. albicans 806 1.19 0.20 0.99 6.19 3.44 0.09 3.35 20.94 0.97 0.06 0.91 5.68 
» wall} (. albicans RM 806 1.39 0.29 1.10 6.87 3.63 0.13 3.50 21.85 0.90 0.07 0.83 5.31 
repre C. albicans 582.. .. 1.19 0.17 1.02 6.38 4.07 0.07 4.00 25.00 | 0.91 0.06 0.85 5.19 
matte} | RRR LAE Faget TT TAT 
Hexosamine N has been calculated on the basis of hexosamine recoveries. 
nd “ t Protein N has been calculated by deduction of the hexosamine value from total N. 
m thi t For bakers’ yeast, total N was also determined for unfractionated cell wall preparations and the values found were 1.28 for low pro- 
18.29) | tein yeast and 9.65 for high protein yeast. 
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TABLE V 


Glucosamine content of isolated wall fractions 














| | 
Organism | Glucan protein | a eo glucosamine and the chitosan iodine test, and further cor- 
| |— roborated by x-ray diffraction studies (24). Evidence has been 
Co oO . . . . . . 

| 40 40 % obtained by enzymic digestion that the glucosamine radicals are 
Bakers yeast............ 0.89 0.34 0.49 not incorporated in the protein moiety (these studies are under- 
8. Coren 18.29....... | 0.57 0.27 0.79 way and the results will be published later). 
Ce...» ----. | _—_ _- pig Qualitative chromatographic analysis shows that the gluco- 
C. albicans RM 806.......) 3.75 | 1.59 0.92 ee cee ee 
a... | 214 | 0.91 0.72 mannan-protein IT comprises 13 amino acids, the glucan-protein 
rill wes | _ 15 amino acids, and the glucomannan-protein I 17 amino acids | 

TaBie VI 


Quantitative analysis of amino acids of cell wall fractions 


hydrolysis. Chitin has been estimated by analysis for hexosa- 
mine (Table V). The presence of chitin in the yeast wall has 
been claimed earlier (23, 24) on the basis both of isolation of 











| Bakers’ yeast, glucan protein, S. cerevisiae 18.29, glucomannan-protein I, S. cerevisiae 18.29, glucommannan-protein II, 


63.4 mg. starting material 





73.03 mg. starting material 67.34 mg. starting material 





Amino acid 














| . . . | » 3 
rs ea } ——— of | Equivalent amount Amount <6 — of | Equivalent amount me ogee = of Equivalent amount 
| recovered | recovery | {N recovered recovery | of } recovered | recovery of 
wer | mm | ®@% | ug. | mg. % ag. | omg. % i 
Glutamic acid.........| 0.325 | 10.9 | 30.9 | 9.750 17.8 928 0.247 9.2 23.5 
Aspartic acid......... 0.889 29.8 | 93.7 | 7.200 13. } 759 0.835 31.1 87.8 
Cysteic acid......... 0.046 1.5 | 3.8 0.090 0.2 | 7 0.224 8.4 18.5 
eee 0.065 | 2.2 5.1 | 2.770 5.0 | 212 0.073 2.7 5.7 
cig td Pas te 0.122 4.1 16.3 | 2.260 | 4.1 299 0.124 | 4.6 16.3 
Sy. 0.178 6.0 21.5 2.720 5.0 320 0.158 | 5.9 18.6 
Rar 0.098 3.3 | 18.2 1.930 | 3.5 | 360 0.122 4.6 22.9 
ee 0.190 6.4 29.9 3.740 | 6.9 588 0.175 6.5 27.4 
elven sane aiaucocane 0.194 | 6.5 | 23.3 2.520 | 4.6 300 0.144 5.4 17.2 
ETE Te 0.232 7.8 25.6 1.200 | 2.2 | 146 
Methionine...........| trace | 0.900 | 1.6 | 85 
ee 0.133 | 4.5 14.5 2.770 §.1 | 296 0.131 | 4.9 14.1 
SET Te 0.138 4.6 | 14.7 4.960 | 9.1 529 0.187 | 7.0 19.9 
Lyeine....... eee | 0.152 | §.1 29.2 4.420 | 8.1 847 0.167 | 6.2 31.9 
Histidine nae | | 1.460 | 2.7 | 395 trace | 
PON. ites) Bie | 3.7 35.9 | 3.890 7.2 | 1,250 0.094 3.5 30.2 
Phenylalanine.........) 0.109 | 3.6 9.3 | 2.080 | 3.8 | 176 
Total recovery..... | 2.983 100.0 409.3 | 54.660 100.0 | 7,497 2.681 | 100.0 334.5 
Theoretical recovery} 
of protein N...... | 551.6 | | | 10,210 592.6 
Unrecovered protein| | | | 
a ee 142.3 = 26% | } | 2,713 = 26.5% 258.1 = 43% 





TaB_Le VII 


Sulfur content of isolated wall fractions* 


| 
Relative weight | 


per ag st fot. Sulfur content 


Fraction 








oe } mg./ 100 mg. | mg./100 ms. 

c fraction wall 

Unfractionated wall (lipide| 
Miike sewncenucceys 100.0 0.71 0.71 
Glucan protein........... | 28.3 0.32 0.09 
Glucomannan-protein I... .| 55.8 | 0.86 0.48 
Glucomannan-protein II. .| 11.9 | 1.89 0.22 
0.79 


Total recovery......... | 96.0 





* From S. cerevisiae 18.29. 


Nitrogenous material is associated with the polysaccharide, 
and the nitrogen content of the different cell wall fractions is 
given in Table IV. This material is shown to be protein on the 
basis of the detection of amino acids in the products of its acid 





(Table VI). In addition to the constituents found in gluco 
mannan-protein II, glucan-protein contains threonine, and 


proline, and the spectrum of amino acids is enlarged by threonine, | 


proline, methionine, and histidine for glucomannan-protein I. 
These findings have been confirmed for both the low protein 
bakers’ yeast and the high protein yeast (S. cerevisiae, 18.29). 
No analyses were carried out on the C. albicans preparations. 

Quantitative determinations of the protein components have 
been undertaken in three instances, and the values for the 
recoveries of the individual amino acids are listed in Table V1. 
These figures reveal that the protein(s) associated with the three 
polysaccharides are essentially acidic in nature, since glutamic 
and aspartic acids account for 31 per cent (glucomannan-pre 
tein I), 35 per cent (glucan-protein) and 39 per cent (gluce 
mannan-protein IT) of the total recovery. 

Because of the presence of carbohydrate material, substantial 
destruction and alteration of amino acid residues could not b 
avoided under the conditions used for the protein hydrolysis (se 
Table VI). Complete destruction must be expected for tryP 
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tophan; cysteine and cystine are rendered extremely labile by 
the presence of carbohydrates, and a partial destruction must be 
taken into account for serine, phenylalanine, arginine, and lysine, 
with losses up to 80 per cent (25, 26). 

Sulfur analyses of the three carbohydrate-protein complexes of 
the high protein yeast (Table VII), and data from earlier in- 
vestigations (2), indicate a relatively high sulfur to protein ratio 
of the cell wall material. This suggests that especially the 
sulfur containing amino acids have been affected during the acid 
hydrolysis, since no cysteine could be detected in the hydrolysates 
and only little cysteic acid, which may represent an oxidized 
derivative of the two latter compounds, was recovered. Further- 
more, methionine was found only in one case in detectable 
amount. 


DISCUSSION 

From mechanically disrupted yeast cells preparations have 
been obtained, after differential centrifugation and exhaustive 
washing, that appear microscopically to consist of cell wall 
fragments devoid of contamination by other particulate matter. 
These preparations, termed “‘isolated clean cell walls,” are 
insoluble in water or organic solvents, yet, on treatment with 
weak alkali at room temperature, may be readily dissociated into 
highly water soluble (glucomannan-protein) and highly in- 
fractions. The nature of the bonding 
between these fractions is not known, but is under investigation; 
certainly, the mild treatment that causes solubilization of the 
glucomannan-proteins is insufficient to rupture most types of 
bonding. In contrast, the firmness with which the highly acidic 
proteins are bound to the three different polysaccharide com- 
ponents of the wall indicates that we are dealing with protein- 
polysaccharide complexes in which carboxy] groups of the pro- 
tein may be esterified to hydroxy] groups of the polysaccharides. 
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It may be remarked that the failure of glucomannan-protein 
from yeast to react with Fehling’s solution in the cold is paralleled 
by the report of Cifonelli and Smith (27) that invertase, a 
mannan-protein, does not precipitate with Fehling’s solution 
owing to the fact that the characteristic precipitation of mannan 
by copper is suppressed in the presence of protein. 

The occurrence of glucomannan heteropolymers has been re- 
corded in alkali extracts of coniferous wood (28-30), certain plant 
tubers (31), and the endosperm of some seeds (32, 33). The 
macromolecular components isolated from cell walls of yeasts 
show some similarity, not only in composition, but also in ap- 
pearance under the electron microscope, to cell wall components 
of certain embryonic plant material (34, 35). Meier (32) found 
both globular and fibrillar components in cell walls isolated from 
the endosperm of dates and ivory nuts. The globular fractions 
of yeast (glucomannan) and of date endosperm (mannan A) are 
readily extractable with dilute alkali, whereas the fibrillar com- 
ponents of both wall materials are essentially insoluble. 


SUMMARY 


Purified cell wall preparations have been prepared from two 
different strains of bakers’ yeast and from three strains of 
Candida albicans. The lipide content of the material has been 
determined. A method has been described for the fractionation 
of the lipide-free wall preparations. Three carbohydrate-pro- 
tein complexes were isolated. The sugar and the amino acid 
constituents of these entities were identified by qualitative paper 
chromatography. On the basis of the results thus obtained, the 
complexes were identified as a glucan-protein and two distinct 
glucomannan-proteins. The proteins were analyzed quantita- 
tively by ion exchange chromatography. Bonding among the 
polysaccharide-protein complexes is briefly considered. 
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Several reports (1, 2) have indicated that plant sterols inhibit 
the absorption of cholesterol. The mechanism of this inhibitory 
action has been explained as competition with cholesterol in the 
sterol absorptive system at the esterification step or as partial 
blockage by the phytosterols of certain binding sites on lipo- 
proteins necessary for cholesterol transport into the mucosa (3, 
4). In support of a competitive mechanism it has been demon- 
strated that the administration of H*-G-sitosterol produces an 
increased fecal excretion of cholesterol and related sterols (5) and 
that sitosterol is absorbed, although at a slower rate than is cho- 
lesterol (3, 6). Balance studies have also indicated that plant 
sterols are absorbed (7-9), but the values (20 to 70 per cent ab- 
sorbed) obtained by this technique have been much greater than 
those obtained when labeled sterols were utilized to study ab- 
sorption. 

Hanahan and Wakil (10) and Glover et al. (11) have reported 
that ergosterol-C" is absorbed to a slight extent (1 to 5 per cent 
in 24 hours) and Gould (6) has reported similar observations with 
respect to H*-6-sitosterol. Glover and Morton (4) have sug- 
gested that specificity of protein-binding sites involved in the 
transport of sterols from the lumen into the mucosal cell accounts 
for the poor absorption of plant sterols. However, in a more 
recent study in rats (3) it was shown that H*-6-sitosterol rapidly 
entered the intestinal wall from the lumen, but there was very 
little transfer (0.3 per cent in 24 hours) of this sterol to the lymph. 
The latter findings suggested that phytosterols are absorbed by 
the same mechanism as is cholesterol and that the principal block 
or rate-limiting step in their absorption is in the transfer of the 
sterol from mucosal cell to lymph. 

Also in this experiment (3) it was found that, 24 hours after 
administration, approximately 32 per cent of the fed H*-8-sitos- 
terol was not recovered as digitonin-precipitable material from 
the feces, intestinal contents, intestinal wall, and lymph. This 
finding suggested that a part of the H*-6-sitosterol had undergone 
some metabolic conversion involving loss of the 6-configuration 
at carbon 3 or that extensive labelization and exchange of the 
tritium with hydrogen had occurred. This finding also raised 
the possibility that differences in the apparent degree of phytos- 
terol absorption between balance data and those based on ap- 
pearance of labeled sterol in lymph or blood might be due to a 
degradative pathway for sterols in the intestine which operates 
concurrently with the absorption process. Tritium-labeled sitos- 
terol did not appear suitable for further study of this problem 
because of the possibility of exchange and dilution of the tritium 

* This study was supported in part by research grants from 
the National Heart Institute (Grant Nos. H-1897 and H-2746), 


the United States Public Health Service, and the American Heart 
Association. 


label with hydrogen during any metabolic conversions which 
might occur in the intestine. In order to re-examine and extend 
the data obtained with H*-@-sitosterol, a mixture of uniformly 
labeled C'*-plant sterol was used in the experiments to be de- 
scribed below. 


EXPERIMENTAL 

Isolation of C'*-Phytosterol—The source of the C'-phytosterol 
was a crude lipide extract from the leaves of tobacco plants grown 
in a C“O, atmosphere.! The sterols were isolated from the lipide 
mixture by acid and alkaline hydrolysis, digitonin precipitation, 
and cleavage of the digitonides to recover the sterols. The sterol 
mixture so obtained was purified on an aluminum oxide column. 
Extensive studies by Stedman et al. (12) and Grossman and 
Stedman (13) have shown that the sterols isolated from tobacco 
leaves by this procedure consist of a mixture of sitosterols and 
stigmasterol, plus small amounts of other 36-hydroxysterols. 
These sterols are closely related chemically and differ from one 
another mainly in the presence of an ethyl group at C-24 with or 
without double bonds at C-22, 23 and C-8, 9. 

At the present time the available data indicate that these 
sterols and mixtures of these sterols all behave in the same way 
in absorption and metabolism (4). The isolated C'-phytos- 
terols had a specific activity of 0.5 we. per mg., a melting point 
of 130-133°, and the same color equivalent with the Lieberman- 
Burchard reagent as commercially pure B-sitosterol. These C™ 
phytosterols were diluted with a commercial sample of 6-sitos- 
terol (0.5 mg. of C™-phytosterol and 47.5 mg. of unlabeled 
B-sitosterol). This diluted sample was submitted to the isola- 
tion procedure described above and the analytical procedures 
described below; there was no change in specific activity and the 
sample gave analytical data in agreement with a sample of com- 
mercial 8-sitosterol run concurrently. This sterol mixture is 
referred to below as C'*-phytosterol or C'-plant sterol. 

Treatment of Animals and Tissues—The experimental lymph 
fistula animals were adult male rats, weighing 225 to 250 gm., of 
the Carworth strain; they had been maintained on Purina pellet 
chow. The preparation and care of the thoracic lymph fistuls 
animals has been described (14). Twenty-four hours after the 
operation, by intubation without anesthesia, each animal received 
3 ml. of an aqueous emulsion containing 48 mg. of C'-plant sterol, 
50 mg. of blood albumin, 292 mg. of oleic acid, 279 mg. of sodium 
taurocholate, and 150 mg. of glucose. 

A control group received a comparable emulsion without plant 
sterol, and these animals were killed after 6 hours. The animals 


1 Kindly supplied by Dr. William Stepka, American Tobacco 
Company. 
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TABLE I 
Sterol and sterol-C'4 of lymph after feeding C'4-phytosterol* 

= . 7 — 
Timet x FS FS-cu | ES | ES-cu | TS | Ts-c« | ES-TS | ES-C“.Ts-Cu | ae 
hrs. | mg. | mg. | mg. | mg. mg. | % % % a 

06 (Control)t {1.00 + eT 1.75 + 0. 20) 2.75 + 0.30] 63.5 + 2.6) 
0-6 (0.67 + 0.10)0.08 + 0.02/0.89 + 0.120.08 + 0.02)1.56 + 0.2210.16 + 0.04|57.1 + 2.0/50.0 .10.34 + 0.08 
0-24 - 79 + 0.300. 53 + 0.08/4. .75 & 0.41/0.48 & 0,108.54 + 0.711. 01 se 0.18/55.6 & 1.9147.5 1p -10 + 0.38 





* Standard error of the mean is given with each figure. 
+ Collection time for lymph. 


of sodium taurocholate. 


of sodium taurocholate. 


receiving C!4-phytosterol were killed at 6 or 24 hours after receiv- 
ing the test meal. Lymph and feces were collected in the respec- 
tive groups from 0 to 6 and 0 to 24 hours. At the time the ani- 
mals were killed, blood (from the abdominal aorta), the liver, and 
the small intestine were removed. The saline washings from the 
intestine were pooled with the feces of each animal. Lipide ex- 
tracts of the intestine, liver, serum, lymph, and the combined 
feces and contents were prepared according to procedures de- 
scribed earlier (14, 15). 

Methods—Free and total sterol were determined colorimetri- 
cally by the method of Sperry and Webb (16). The total sterol 
content of the feces plus intestinal contents was determined by 
weighing the digitonides.2 The C"-activities of the free, esteri- 
fied, and total sterol fractions of all extracts were determined as 
previously described (14, 15). Total C™-activity of the lipide 
extract of the feces plus intestinal contents was determined by 
direct plating of an aliquot on lens paper. To distinguish be- 
tween the amounts of sterol determined chemically by the Sperry- 
Webb method and those determined by the radioactivity meas- 
urements, the abbreviations FS,? ES, and TS will be used to 
designate the chemically determined free, esterified, and total 
sterol fractions, respectively, and FS-C™, ES-C™, and TS-C", the 
corresponding sterol fractions calculated from the activity data. 


RESULTS 

Lymph—After the administration of the test meal containing 
(.phytosterol, very little activity appeared in the lymph; at the 
end of 6 hours there was only 0.16 mg. or 0.34 per cent of the fed 
dose (Table I). After 24 hours 1.01 mg. or 2.1 per cent of the 
labeled phytosterol had been transferred to the lymph. In both 
periods, approximately 50 per cent of that transferred was pres- 
ent in the lymph as ES-C™. When comparable amounts of 
cholesterol-4-C™ were fed, the total C™-cholesterol recovered in 
lymph in 24 hours was of the order of 10 to 20 mg. or 20 to 40 
per cent of the fed dose, and there was an increase in the total 
cholesterol level of the lymph above the control level (15). In 
the present experiment, after 6 hours the lymph cholesterol (TS) 
inthe control group was 2.75 mg., whereas in the phytosterol-fed 
_*In this and previous investigations (14, 15, 17) a method of 
Sperry was used for the gravimetric determination of sterols. Dr. 


Sperry has informed us that he intends to publish this method in 
the near future. 

*The abbreviations used are: FS, ES, and TS, chemically deter- 
mined a esterified, and total sterol fractions, respectively; 
PS-C4, ES-C™, and TS-C™, corresponding fractions e¢: alculated 
from * dag activity data. 




















The values are the average of five rats per group; the C'*-phytosterol administered per animal was 
47.6 mg. for the 0-6 hour group and 48.0 mg. for the 0-24 hour group. The test meal also contained 292 mg. of oleic acid and 279 mg. 


t Represents 6-hour lymph sterol level of a group (five animals) fed a sterol-free meal containing 292 mg. of oleic acid and 279 mg. 


group it was 1.40 mg. (1.56 mg. of TS — 0.16 mg. of TS-C%). 
This decrease in the lymph sterol level below that of the control 
group may be attributed to inhibition by the phytosterols of the 
reabsorption of endogenous sterol. 

Intestine—The amount of TS-C" present in the intestinal wall 
after 6 hours was considerably greater than the corresponding 
amount in the lymph (Table II). The small intestine after 6 
hours contained 2.33 mg. or 4.9 per cent of the fed dose, and 96.6 
per cent of this was present as FS-C™, whereas in the lymph after 
the same period there was only 0.16 mg. with 50 per ceat in the 
free form. Intestinal segment 2 (see Table II) contained 60 per 
cent of the total activity present in the small intestine. This 
relationship was the same as with cholesterol-4-C™, this area 
being the chief site of absorption (17). Also, the uptake of these 
sterols by the intestinal wall in 6 hours was about half that found 
for a comparable amount of administered cholesterol-4-C™ (17). 

At the end of 24 hours there was stil] 2.04 per cent or 0.98 mg. 
of the fed C™-phytosterol in the intestinal wall. The decline 
in the C'-phytosterol content (1.35 mg.) of the intestinal wall 
from 6 to 24 hours was greater than the quantity (0.85 mg.) 
transferred to the lymph during this period. 

Recovery of Fed C'*-Phytosterol—At the end of 6 hours 78.4 
per cent of the fed C'-phytosterol could be accounted for as 
digitonin-precipitable sterols. Of this total, 0.34 per cent was 
present in the lymph, 4.90 per cent in the intestinal wall, none in 
the liver and blood, and 73.1 per cent in the feces and intestina] 
contents (Table III). 

Since 28.6 per cent of the fed C“-phytosterol was not accounted 
for as digitonin-precipitable (36-hydroxy) sterols, the lipide and 
aqueous extracts were assayed for nondigitonin precipitable C"- 
material. Fifteen per cent of the administered C™ activity was 
present as nondigitonin precipitable material in the lipide-soluble 
extract of the feces and intestinal contents. The formation of 
such material has also been reported after feeding and injecting 
cholesterol-4-C™ (17, 18). Thus, the total recovery at the end 
of 6 hours, including this latter fraction, was 93.4 per cent. At 
the end of the 24-hour absorption period, the nondigitonin pre- 
cipitable material in the feces and intestinal contents had de- 
creased to 10.4 per cent and the total recovery had dropped to 
77.8 per cent of the fed dose; this result suggested that some of 
the nondigitonin precipitable material had been changed further 
so that it no longer appeared in the lipide extract of the feces and 
intestinal contents. Aqueous extracts of the feces and intestinal 
contents were also examined for C™ activity, but none was found. 
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TaBe II 
Sterol and sterol-C'4 of intestinal wall after feeding C'4-phytosterol 
Time* Tissuet FS FS-Cu ES ES-c TS | TS-C™ | ES-TS | ES-cu | 5 | 
| | TS-Cw | recovered 
mg. mg. mg. mg. mg. mg. % | % | % 
6 (Control) | Intestinal segment 2 3.42 0.41 3.83 | | 10.7 | 
+0.35 +0.10 +0.45 | | 2.3 | | 
| Small intestine 10.13 1.03 } 11.17 | 9.2 + 1.4 | | } 
| +0.65 +0.16 | £0.18 | | | | 
6 | Intestinal segment 2 5.59 1.33 0.45 0.04 | 6.04 | 1.37 8.8 + 2.1 |2.9 + 0.8) 2.88 
+0.40 | +0.09 | +£0.10 | 40.02 | 40.50 | +0.11 | | 40.29 
| Small intestine 14.07 2.25 1.11 0.08 15.28 | 2.33 8.0 + 1.6 3.4 + 0.7; 4.90 
+0.78 +0.30 +0.14 +0.03 +0.92 | +0.33 | | +0.73 
24 | Intestinal segment 2 4.07 0.44 0.41 0.03 4.48 | 0.47 19.2 + 2.3 6. 4 + 1.9) 0.98 
+£0.42 | +£0.06 | £0.07 | £0.01 | 40.49 | 40.07 | | £0.13.) 
| Small intestine 11.30 0.90 1.03 0.08 | 12.33 0.98 (8. 4+1.7 is. 2 + 1.9) 2.04 
* 40.92 | 40.14 | £0.14 | £0.03 | £1.06 | +£0.17 | | £0.34 | 





* Time when rats were killed after receiving test meal containing C'4-phytosterol. 


and composition of test meal for the different groups. 


See Table I for amounts of C14-phytosterol fed U 


t The small intestine was divided into segments of 6, 12, and 18 inches from the upper duodenal end; segment 2 represents the 12- 


inch portion of the intestine. 


TaB_e III 


Recovery of fed C'4-phytosterol as digitonin and 
nondigitonin-precipitable material 
































C'4.phytosterol recovered as digitonide terol recov on. 
non- 
_— } ef a8 200-| phytotero 
| Feces and| feces and recovery 
Lymph Intestine | Liver | Blood | intestinal intestinal 
| contents contents 
hrs. % % % | % | % % % 
6 | 0.34 4.90 0.0 | 0.0 | 73.1 15.1 93.4 
+0.08 | +0.73 +4.2 +1.8 +4.2 
24 | 2.10 2.04 | 63.3 10.4 77.8 
+0.38 | +£0.34 | | #36] +21] 43.8 











* See Table I for amounts of C'*-phytosterol fed. 


} 


Sterol Excretion—After the feeding of 48 mg. C"*-plant sterol, 
48.3 mg. of total sterol were present in the feces and intestinal | 
contents at the end of 6 hours. Based on the specific activity of 
the fed material, 29.9 mg. of the total fecal sterols were C"*-phy- 
tosterol and the remainder, cholesterol and related 36-hydroxy- 
Sterols. Calculation of the amount of fed phytostero] absorbed 
from the gravimetric data, with the control excretion being taken 
into account, gave a value of 7.1 mg. or 14.8 per cent. Calcula- 
tion, based on C* activity data, showed 18.1 mg. or 37.7 per cent 
unaccounted for. During the feeding period there was an in- 
creased fecal excretion of cholesterol and related sterols (7.1 mg. 
to 13.5 mg.) above that of a control group not receiving sterol. 
This confirms our previous finding (5). The data on the sterol 
excretion at 24 hours are similar to the 6-hour excretion values | 








TABLE IV 
C'-phytosterol and other 38-hydrozy sterols in combined feces and intestinal contents after feeding of test meal containing C'- phytosterdl | 

















Sterols, total | C-Sterols | Sterols, other 
Time* | |————— 
FS ES | T | FS ks | Ts | FS ES | Ts 
hrs. -_ 7 mg. mg. | mg | mg. mg. a mg. mg. “| rm 
6 (Control) tf 16.1 + 0.61.3 + 0.3) 742 0.9) | 6.1 + 0.61.3 + 0.3) 7.4 + 0.9 
6 40.4 + 3.1/7.9 + 1.2/48.3 + 4.3/29.9 + 2.24.9 + 0. 9/34. 8 + 3.1/10.5 + 1.9/3.0 + 0.8)13.5 + 27 
O + 4.04.8 + 0.9/50.8 + 4.9/29.0 + 2.3/1.4 + + 0.830.4 + 3.1 17.0 + 2.63.4 + 0.7/20.4 + 3.3 


24 46. 





*See Table I for amounts of C'-phytosterol fed. 


+ Received sterol-free test meal containing 292 mg. of oleic acid and 279 mg. of sodium taurocholate. 


The nature of these lipide-soluble and other degradation products 
is under further investigation.‘ 


‘Preliminary experiments on the lipide-soluble degradative 
products indicate that a major portion of the C activity is eluted 
from a silicic acid column in the same fraction as cholesterol, 
epicholesterol, and sitosterol. This eluted material was Lieber- 


mann-Burchard-positive and not precipitable with digitonin. 
Therefore, a major portion of the lipide-soluble material may be 
a-hydroxy sterols (17). 


but indicate that further disappearance of the fed C*-phytosterol 
occurred. 


DISCUSSION 


The use of C'*-phytosterol and the lymph fistula rat in the pres 
ent study has supplied more definitive data on several aspects 0 
the intestinal metabolism of plant sterols than has been available 
previously. There was considerable transfer of C'*-phytosterd 
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from the lumen into the intestinal wall, but the amount after 6 
hours was only one-half that found when similar amounts of 
cholesterol-4-C™ were fed (17). This lower level of C'*-phytos- 
terol in the intestinal wall was not due to a more rapid transfer 
into the lymph, since only 0.16 mg. appeared in the lymph in 6 
hours; under comparable conditions 30 to 40 times as much cho- 
lesterol was transferred to the lymph in 6 hours. Also, the pro- 
portion of the TS-C™ present in the intestinal wall as ES-C™ was 
much less than that for cholesterol. 

There are several other possible explanations for the lower level 
of C'*-phytostero] in the intestinal wall. First, it might enter 
the wall as rapidly as cholesterol but be handled by some route 
other than transfer to the lymph. This possibility seems to be 
ruled out, since no C™ activity could be demonstrated in either 
the blood or liver of the lymph fistula animals. Secondly, the 
phytosterols may enter the mucosa more slowly than cholesterol 
owing to a certain degree of specificity in the transfer mechanism 
from lumen to mucosal cells. Glover and Morton (4) have re- 
ported that very little transfer of sitosterol from the lumen to 
mucosa occurs and that it is the specificity of this transfer mecha- 
nism for sterols which is responsible for the non-absorbability of 
plant sterols. However, the amount of C™-phytosterol which 
entered the mucosa in the present study indicates that blockage 
at this step cannot entirely account for the low absorbability. 
Thus, after 6 hours 2.25 mg. of FS-C" and 0.08 mg. of ES-C" 
were present in the intestinal wall. Comparison of these values 
with the free and esterified cholesterol-4-C" levels of the intestinal 
wall and lymph when a comparable amount of cholesterol-4-C™ 
was fed (17) indicates that if the phytosterols were handled in 
the mucosa like cholesterol there should have been 5 times as 
much ES-C* in the intestinal wall and 22 times as much TS-C™ 
in the lymph as was actually found. This suggests that either 
there is a block in the esterification of the phytosterols in the 
intestinal wall or that, owing to other reactions, the phytosterols 
were not available for esterification and transfer to the lymph. 

In recent studies (17, 18) it was reported that cholesterol-4-C™ 
was partly converted to nondigitonin precipitable material in the 
intestine. The data of the present study indicate that in 24 
hours up to 33 per cent of the administered C'-phytosterol was 
also metabolized in the intestine. One-third (10.4 per cent of 


L. Swell, E. C. Trout, Jr., H. Field, Jr., and C. R. Treadwell 
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the fed dose) of the phytosterol metabolized was soluble in fat 
solvents but was not precipitable with digitonin, i.e. it did not 
react as 36-hydroxysterol. The remainder of that metabolized 
(22.2 per cent of the fed dose) was not accounted for by radio- 
activity measurements in either the lipide-soluble or water-solu- 
ble extracts. 

The significance of this latter observation cannot be evaluated 
at present. However, it is clear that there is an active metabolic 
pathway in the intestine for sterol degradation which can account 
in large part for the previous discrepancies between studies on 
phytosterol absorption based on balance techniques and those 
based on blood levels or appearance of the sterol in lymph. 

The lowered level of cholesterol in the lymph and the increased 
excretion of cholesterol and related sterols in the feces when C"- 
phytosterols were administered are clear evidence that the re- 
ported lowering effect of plant sterols on blood cholesterol is due, 
at least in part, to an inhibition of absorption of endogenous and 
exogenous cholesterol. Finally, the present data show that plant 
sterols are absorbed to a very small degree, viz. approximately 2 
per cent of fed dose in 24 hours. 


SUMMARY 


1. Lymph fistula rats were given a test meal containing 48 mg. 
of C'-phytosterol. There was considerable uptake of C™-phy- 
tosterol by the intestinal wall with virtually all of it present as 
free sterol. Most of the total C™ activity was present in the 
proximal portion of the intestine. 

2. The lymph, at 24 hours, contained only 2 per cent of the fed 
C'-phytosterol with 50 per cent of it in the esterified form. 

3. In 24 hours up to 33 per cent of the fed C-phytosterol was 
metabolized in the intestine to substances not precipitable with 
digitonin. 

4. Administration of C'-phytosterol produced an increased 
fecal excretion of cholesterol and related sterols and a lower 
lymph cholesterol level than were found in a control group. 

5. The present study provides evidence that the principal block 
in phytosterol absorption occurs within the mucosa at a step in 
the transfer mechanism from mucosa to the lymph; this may be 
esterification or chylomicron formation. 
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The conversion of A7-cholestenol (‘lathosterol’) to cholesterol 
has been demonstrated in the intact rabbit by Biggs et al. (2) 
with the aid of radioactive hydrogen (tritium) as tracer. Cook 
et al. (3) have also obtained evidence for this conversion by means 
of balance studies in rabbits, without the use of isotopic labeling. 
In the present experiments this reaction was shown to occur in 
cell-free homogenates of rat liver and in various fractions ob- 
tained from the homogenates by differential centrifugation. 


EXPERIMENTAL AND RESULTS 


Preparation of A’-Cholestenol—This compound was prepared 
by hydrogenation of 7-dehydrocholesterol.! Several syntheses 
were carried out with Raney nickel or platinum black as catalyst 
and with dioxane or ethyl acetate as solvent. The most con- 
sistent results were obtained with Raney nickel and dioxane, 
as recommended by Fieser and Herz (4). Material so prepared 
melted at 124-125° and showed a rotation of [a]p +3.9° (2 per 
cent in chloroform). The tritiated compound used in most of 
the present experiments was prepared with Raney nickel in ethyl 
acetate; it showed a rotation of +5.3° and may have been slightly 
contaminated with A®“*-cholestenol ({a]p +20°). 

In this synthesis 149 mg. of 7-dehydrocholesterol were hydro- 
genated in the presence of approximately 100 me. of tritium gas, 
and yielded 97 mg. of product after one crystallization from 
acetone-water. Fifty mg. of the sterol were chromatographed 
on silicic acid-Super-Cel to remove possible traces of cholesterol 
(or contaminants indistinguishable from cholesterol chromato- 
graphically), and then again recrystallized. Twenty-two mg. of 
product with a specific activity of approximately 60 uc. per mg. 
were obtained. This specific activity is only about one-tenth 
that anticipated from the activity of the tritium used (obtained 
from the United States Atomic Energy Commission and not 
assayed by us). Less than 1 per cent of the starting radioactivity 
could be accounted for in the solvent, and the manner of loss of 
the remainder is unknown. Two other similar syntheses of A’- 
cholestenol-H* were attended by comparable losses. 

The most probable impurity in A’-cholestenol synthesized in 


* This work was supported by a research grant (No. H-1875) 
from the National Heart Institute, United States Public Health 
Service, and by grants from the Minnesota Heart Association and 
from the Graduate School, University of Minnesota. A prelim- 
inary report was presented at a meeting of the Federation of 
American Societies for Experimental Biology (1). 

1 Obtained from Vitamins, Inc., 809 W. 58th Street, Chicago 21, 
Illinois, purified by crystallization from acetone, and used im- 
mediateiy. 


this way is A®“*-cholestenol, produced by partial — 
tion. Although measurement of the rotation serves as a fair | 
check on the presence of this contaminant, this test suffers from | 
the deficiency that the increase in rotation due to A®*)-choles- | 
tenol may be masked by minute amounts of the strongly levo- | 
rotatory starting material, 7-dehydrocholesterol ({a],, — 114°), | 
Perhaps the best criterion of purity is the optical density at 620 } 
my, 1.5 minutes after treatment with the Liebermann-Burchard | 
reagent. As shown by Moore and Baumann (5), the “fast-act- | 
ing” sterols give a color yield under these conditions approxi- | 
mately 4 times that of cholesterol at 30 minutes. In our hands 
A’4)-cholestenol, prepared by hydrogenation of 7-dehydrocho- 
lesterol or by isomerization of A’-cholestenol with 10 per cent 
palladium on charcoal in ethyl acetate as described by Stavely 
and Bollenback (6), gave an optical density at 1.5 minutes only 
about 0.6 that of cholesterol at 30 minutes. By this criterion, 
A’-cholestenol preparations from redistilled ethyl acetate and 
from fresh, carefully purified dioxane (7) were of equal quality, 
with both giving color yields 3.6 to 3.8 times that of cholesterol. 
The purity of the labeled compound used in these experiments is | 
believed to have been at least 90 per cent. A’-Cholestenol de- | 
teriorates rapidly in crystalline form, but keeps rather well in 

solution in propylene glycol. 

Chromatography—Chromatographic separations were carried | 
out on silicic acid-Super-Cel columns, with benzene as eluting | 
agent, as previously described (8). 

Purification of Cholesterol through Dibromide—For purification 
of small amounts of cholesterol, a modification of Fieser’s method | 
(9) was used. Twenty-five to 50 mg. of sterol were dissolved in | 
1 ml. of anhydrous ether, and the solution was cooled in ice water. | 
Bromine was dripped in with a syringe through a 22-gauge needke | 
until a yellow color persisted. The solution was kept at 4° for! 
hour, and then 0.5 ml. of cooled glacial acetic acid was added 
with stirring. The suspension of dibromide was centrifuged at 
400 X g for 20 minutes at 4°. The crystals were washed twice 
with 0.5-ml. portions of glacial acetic acid. The acetic acid 
moist dibromide was dissolved in 2 ml. of anhydrous ether and 
cooled in ice water. Twenty-five mg. of zine dust were added, 
and the suspension was stirred for 15 minutes. Sufficient water 
was added dropwise to dissolve the zinc bromide. The ether 
layer was washed in a separatory funnel once with 1 ml. of 0/ 
n HCl, twice with 1 ml. of water, and once with 1 ml. of 8 pet 
cent NaOH. The ether layer was tested with moist blue litmus 
paper for traces of acetic acid and evaporated to dryness. The 
cholesterol was recrystallized from acetone-water. The yield 
was 28 to 35 per cent; m.p., 148-149°. 
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Measurement of Radioactivity—Tritium was measured by evap- 
orating to dryness benzene solutions of the sterols in 5-dram 
Crystallite vials,? redissolving in 10 ml. of a 0.3 per cent solution 
of 2,5-diphenyloxazole® in toluene, and counting in a TriCarb 
liquid scintillation counter.‘ With the gate settings used, the 
efficiency was about 4 per cent and the background 45 c.p.m. 
For measurement of radioactivity in the water of the incubation 
medium, the counting mixture recommended by Kinard (10) 
was used, with the omission of a-naphthylphenyloxazole, which 
was not available to us at the time. The counting efficiency was 
about 1.4 per cent. An internal standard was used for inter- 
comparison with samples counted in toluene. The water of the 
medium was distilled, the contents of the distilling flask being 
taken to dryness to avoid isotopic concentration. 

Recovery of Sterols from Counting Fluid—For measurement of 
specific activities, 1-ml. aliquots of the toluene solution prepared 
for scintillation counting were evaporated to dryness, and cho- 
lesterol was determined colorimetrically as previously described 
(11). When it was desired to recover sterols in the counting 
mixture for further study, the contents of the counting vials were 
pooled and evaporated to dryness. The residue was redissolved 
by adding 1:1 acetone-absolute ethanol in the proportion of ap- 
proximately 1 ml. per mg. of sterol. The sterols were precipi- 
tated with digitonin under the conditions used by Sperry and 
Webb (12). The sterols were recovered from the digitonide by 
the method of Schoenheimer and Dam (13). 

Animals—Female Wistar rats weighing about 200 gm. were 
used. They were killed by decapitation. 

Preparation of Liver for Incubation—Homogenization was car- 
ried out in the cold with a loose-fitting, stainless steel pestle, 
according to the method of Bucher (14). Perfusion of the livers 
with cold buffer before removal from the rats, as suggested by 
Bucher and McGarrahan (15), was carried out in the early ex- 
periments. Later it was found that for the reaction under study, 
larger conversions were observed when this procedure was omit- 
ted. The medium used was 0.1 M potassium phosphate buffer, 
pH 7.4, without additives. Magnesium salts, DPN, and nico- 
tinamide, previously found to be important for the over-all con- 
version of acetate to cholesterol (16), need not be added for this 
reaction. 

Whole cells and nuclei were removed by centrifugation at 500 
X g for 20 minutes. Further fractionation was carried out in 
the Spinco preparative ultracentrifuge, according to the method 
described by Bucher and McGarrahan (15) except that sucrose 
was not added. All operations were conducted at 0°. Cellular 
fractions were analyzed for protein as previously described (16). 

Incubations were carried out in oxygen at 37° in stoppered 
vials in a Dubnoff shaker. 

Extraction of Sterols from Homogenates—Usually the sterols 
were isolated by adding to the homogenate an equal volume of 
95 per cent ethanol and 4-fold extraction with twice the volume 
of petroleum ether. In many experiments the homogenates 
were refluxed with alcoholic KOH and the digitonides prepared 
(17), whereas in others the sterols were purified by way of the 
dibromide, as noted above. 

Conversion of A’-Cholestenol to Cholesterol by Unfractionated 


_*T.C. Wheaton Company, 1313 North Second Street, Millville, 
New Jersey. 
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Fic. 1. Chromatogram of petroleum ether-soluble substances 
extracted from a rat liver homogenate incubated with A’-choles- 
tenol-H*, X----- X, cholesterol determined colorimetrically; 
O——O, radioactivity. Conditions of incubation as stated in 
Table I. The peak of radioactivity and the cholesterol deter- 
mined colorimetrically do not coincide. 


Homogenates—The largest and most consistent conversions were 
observed in homogenates from which only the nuclei and un- 
broken cells had been removed by centrifugation at 500 x g. 
The following is a chronological list of the percentages of the 
added radioactivity recovered as cholesterol for all experiments 
completed to date with this type of preparation: 3, 9, 15, 12, 3, 
6, 7, 9, 12, 9, 10, 12, 11, 13. The time of incubation in all cases 
was 1 hour, and the other conditions were those stated in Table 
I below. 

Identification of Product of Reaction as Cholesterol—In most 
experiments the radioactivity associated with the cholesterol 
fractions emerging from the chromatographic columns coincided 
quite well with the cholesterol as measured colorimetrically. Oc- 
casionally the specific activity was not constant for all portions 
of the peak, which suggested the presence of impurities or of 
products other than cholesterol. Such an instance is illustrated 
in Fig. 1. The cholesterol was recovered from the counting 
bottles by precipitation as the digitonide, which was then cleaved 
by the pyridine-ether method. After addition of carrier, the 
cholesterol was purified by way of the dibromide. This method 
is probably the best, apart from chromatography, for ascertaining 
the radiochemical purity of cholesterol. Fig. 2 is a chromato- 
gram of cholesterol so purified. The specific activity was now 
much more nearly constant. 

Requirement for Oxygen—Fig. 3 is a chromatogram obtained 
from a homogenate incubated for 60 minutes in an atmosphere 
of nitrogen. No conversion occurred. This same preparation 
produced cholesterol very actively when incubated in oxygen. 
Controls incubated in oxygen at 0° were similarly negative. The 
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Fic. 2. Chromatogram of cholesterol from the chromatogram 
shown in Fig. 1, after passage through the digitonide and the di- 
bromide. Symbols as in Fig. 1. The coincidence is much im- 
proved, but still not perfect. 
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Fic. 3. Chromatogram of petroleum ether-soluble substances 
extracted from a rat liver homogenate incubated for 1 hour with 
A’-cholestenol-H* in an atmosphere of nitrogen. X----- X, choles- 
terol determined colorimetrically; O——O, radioactivity. No 
conversion to cholesterol is apparent. 


requirement for oxygen was demonstrated also for active prep- 
arations which contained only the 105,000 x g supernatant. 
Conversion of A’-Cholestenol to Cholesterol by Cellular Fractions— 
A number of experiments were carried out to determine the role 
of ultracentrifugally separated cellular fractions in effecting the 
conversion. 
points. 


All experiments were in agreement on the following 


(a) The 105,000 x g supernatant is essential. (b) The 


Conversion of A’-Cholestenol-H® to Cholesterol 


Vol. 234, No. 9 


9000 x g sediment (“mitochondria”) does not contribute any 
enzymatic activity. 

The requirement for intact microsomes is less clear. In 22 
incubations of the 105,000 x g supernatant alone, 7 showed 
definite conversion (2 to 7 per cent of the added tritium recovered 
as cholesterol), 12 were negative, and 3 were in an equivocal 
range. 
I. The question arises whether the positive experiments resulted 
from partial solubilization of enzymes from the microsomes, or 
whether sufficient particles remained in suspension to supply the 
needed factors. Attempts to elute an active fraction from the 
microsomes, either by incubation before centrifugation, by sonic 
vibration, by homogenization in the Waring Blendor, or by lysis 
in water were unsuccessful. 

To test the hypothesis that the conversions observed with the 
supernatant were actually dependent on a few remaining parti- 
cles, the supernatant was removed in three separate layers (Table 
II). Only the bottom portion showed activity. 


TABLE I 


Radioactivity recovered in cholesterol after incubation of liver ce!l 
fractions with A’-cholestenol-H? 

The homogenate was centrifuged for 20 minutes at 500 X g and 
the sediment discarded. ‘‘Mitochondria’’ refers to the sediment 
after centrifugation for 15 minutes at 9000 X g, and ‘‘microsomes” 
to the sediment after further centrifugation for 90 minutes at 
105,000 X g. ‘‘Supernatant”’ is the remaining fluid, including the 
upper fluffy layer. Time of incubation, 60 minutes; temperature, 
37°; atmosphere, oxygen; volume, 7.5 ml. including the tissue frac- 
tion or fractions from 3 gm. of liver; 7.5 wg. of A7-cholestenol con- 
taining 2.34 X 104c.p.m. in 75 ul. of propylene glycol were added. 

When values are reported as ‘‘0’’, the chromatogram showed no 
peak of radioactivity associated with cholesterol. With the 
counting times used and the degree of resolution from A’-choles- 


tenol achieved, a maximum of about 200 c.p.m. present as choles- | 


terol might conceivably have escaped detection. 














Experiment | Experiment 

bcnsiacie - linc 
C.p.m. | c.p.m. 
Reconstituted homogenate............ “xt 750 1000 
Microsomes + buffer.......... ithe wate 0 0 
Mitochondria + buffer......... oath, AI 0 0 
Microsomes + mitochondria + buffer | 0 0 
Mitochondria + supernatant........ 600 980 
Microsomes + supernatant 850 980 
OL ae ere 590 1130 





TaB_e II 


Radioactivity recovered in cholesterol after incubation of various 
layers of supernatant from rat liver homogenate with 
A’-cholestenol-H? 


Conditions of incubation as stated under Table I. 








c.p.m. 
ae | 
Whole homogenate*.... Seta vatieete De kein ag ate ae 3680 
Fluffy layer (top 4) of 105,000 X g supernatant... .| 0 


Middle 4 of 105,000 X g supernatant............. 0 
Bottom 34 of 105,000 X g supernatant. ; 1580 





* Only intact cells and nuclei removed. 


Two clearly positive experiments are recorded in Table | 


Although 
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grossly water-clear, this fluid contained a few particles as revealed 
by phase contrast microscopy. Other experiments showed that 
the particles separated at 30,000 x g were much more active 
than those sedimenting at 105,000 x g (in agreement with Bucher 
and McGarrahan (15)). Thus, when the supernatant fraction 
was fortified with equal quantities of the pellet collected at 
30,000 X g and that collected at 105,000 x g (25.5 mg. of par- 
ticle protein in each case), the former preparation converted 10 
per cent of the substrate, whereas the latter converted less than 
2 per cent. Fortification of a supernatant with one-fourth of 
the heavier (30,000 x g) particles removed from it was about as 
effective in restoring activity as was the addition of all the par- 
ticles (Table III). These observations seem to lend weight to 
the interpretation that the irregular conversions with supernatant 
were due to unremoved particles. This same interpretation is 
perhaps worthy of consideration in the case of the slight apparent 
solubilization of the squalene-cyclizing enzyme reported by Tchen 
and Bloch (18). 

Appearance of Tritium in Compounds Other than Cholesterol— 
Biggs et al. (2) hsve pointed out that approximately three-fourths 
of the tritium in A’-cholestenol prepared by hydrogenation of 7- 
dehydrocholesterol should be lost as water during the conversion 
to cholesterol. This deduction was borne out experimentally, 
as shown in Table IV, which is a partial balance sheet of radio- 
activity for a preparation incubated for various lengths of time. 
In the 60 minute incubation, for which the data are the most 
complete, 94 per cent of the tritium was accounted for either in 
the petroleum ether extract or in the water of the medium. 
Slightly more than 3 times as much tritium appeared in the water 
as in the cholesterol. Only about two-thirds of the radioactivity 
of the extract emerged from the column; the rest remained ad- 
sorbed. In preparations which for various reasons were inactive, 
recovery of the substrate from the column was usually almost 
quantitative. 

Effect of Cholesterol Feeding on Conversion of A’-Cholestenol to 
Cholesterol—The suppression of cholesterol synthesis by cho- 
lesterol feeding is well established (17, 19, 20). One might sup- 
pose that the final reaction in the chain leading to cholesterol is 
being inhibited by its end-product. That the mechanism is 
quite different is evident from the work of Gould and Popjak (21) 
and of Bucher et al. (22) who have shown that the later stages of 
cholesterol synthesis are inhibited far less than are the early 
stages. Table V shows that the effect of cholesterol feeding on 
the conversion of A’-cholestenol to cholesterol by a homogenate 
was negligible. Conversion of acetate to cholesterol by the same 
preparation was strongly depressed. 


DISCUSSION 


Almost any reasonable mechanism for the conversion of A’- 
cholestenol to cholesterol would require that three-fourths of the 
tritium in A?-cholestenol labeled on carbons 5 and 6 should be 
lost in the process. The proportion of the tritium appearing in 
water in our experiments was compatible with this view. It 
seems likely, therefore, that all of the figures presented above 
for percentage of conversion should be multiplied by 4. If such 
is the case, our preparations converted up to 60 per cent of the 
added substrate to cholesterol in a 1-hour period. Final con- 
firmation of this reasoning awaits synthesis of A’-cholestenol 
labeled with C“ or with tritium located elsewhere in the molecule. 

A’-Cholestenol has long been suspected as an intermediate in 
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Tase III 
Efficacy of particulate fractions in restoring activity to supernatant 


Volume incubated was 7.5 ml. in all cases. 
stated under Table I. 


Other conditions as 














Particle Radio- 
protein j|activity in 
| added i holesterol 
mg. c.p.m. 
Experiment 1 
Whole homogenate..... oe | 2600 
105,000 X g supernatant...... 0 340 
105,000 X g supernatant + 105, 000 x | g par- 
ticles......... 25.5 | 400 
105,000 X g supernatant + 30,000 x ¢ g par- 
ticles....... 25.5 2380 
Experiment 2 
Whole homogenate... | 3060 
105,000 X g supernatant....... 0 220 
105,000 X g supernatant + 30,000 x g par- 
| Ree , ; 38.4 1830 
105,000 K g supernatant + } of 30,000 X g 
particles . 9.9 1720 











TaBLe IV 
Recovery of tritium in various forms from preparation incubated 
for different time intervals 


The tissue preparation was the 60,000 X g supernatant from a 
rat liver homogenate. 





} Incubation time 


. | . | . | . 
minutes |30 minutes |45 minutes | 60 minutes 

















c.p.m. c.p.m. C.p.m. c.p.m. 

A’-Cholestenol incubated 23,380 | 23,380 | 23,380 | 23,380 
H? extracted from incubation 

I 9555 Se cic dend 22,260 | 19,490 | Lost 15,940 
H? recovered from column | 15,760 | 12,690 | 10,040 | 10,970 
H? recovered as cholesterol . .| 520 | 860 | 1,270 1,870 
H? recovered as water. . 6,040 

TABLE V 


Effect of cholesterol feeding on conversion of A’-cholestenol and 
acetate to cholesterol by rat liver homogenates 

For the 4 days preceding the experiment, the cholesterol-fed 
rat was given a diet containing 1 per cent cholesterol, prepared as 
previously described (17). Homogenates of the liver of the 
cholesterol-fed and of the control rat were divided for incubation 
with sodium acetate-1-C'™ and A’-cholestenol-H?. 
used contained DPN, nicotinamide, and magnesium ions, as 
previously outlined (14), since these factors are needed for op- 
timal conversion of acetate to cholesterol. Other conditions as 
stated under Table I. 


The medium 





Radioactivity in 


Labeled substrate added cholestesst 











Normal control rat 


Sodium acetate-1-C", 7.3 X 10°c.p.m.,0.2 mg... 12,750 

A’-Cholestenol-H?, 2.3 X 104 ¢.p.m., 7.5 yg. 1,890 
Cholesterol-fed rat 

Sodium acetate-1-C™, 7.3 X 10° ¢.p.m., 0.2 mg.... 211 

A’-Cholestenol-H?, 2.3 X 104c.p.m.,7.5yug.... 2,330 
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cholesterol synthesis (23), and some evidence has been found by 
others (24) as well as by ourselves, that A’-cholestenol is one of 
the “higher counting companions” of biosynthetic labeled cho- 
lesterol. If one accepts zymosterol as an intermediate (25, 26), 
then the further conversion to cholesterol requires the hydro- 
genation of the double bond in the side chain and the shift of the 
double bond in ring B. Evidence that 24-dehydrocholesterol 
(“desmosterol”’) is an intermediate (27) implies that the hydro- 
genation of the side chain is the final step and throws doubt on 
the intermediary role of A’-cholestenol. Although one of the 
“higher counting companions” is very similar to A’-cholestenol 
chromatographically, we regard the proof of its identity as in- 
conclusive at present. It seems not improbable, however, that 
two pathways for the conversion of zymosterol to cholesterol 
may exist. The two changes which must occur involve widely 
separated portions of the molecule. It appears possible that 
two entirely separate enzyme systems carry out these changes, 
and that each acts independently of the change first induced by 
the other. Regardless of whether A’-cholestenol is itself an 
intermediate, we believe that its conversion to cholesterol is a 
useful model system for study of the shift of a double bond from 
the 7- to the 5-position, a reaction which probably occurs in the 
natural pathway. 

The requirement of this reaction for oxygen was to us a sur- 
prising finding. Its interpretation in relation to possible mech- 
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anisms is not clear. Johnston and Bloch (26) noted a similar 
requirement in the conversion of zymosterol to cholesterol. 

The finding that the reaction is not inhibited by cholesterol 
feeding provides additional evidence against direct end-product 
inhibition as an explanation of the over-all inhibition of choles- 
terol synthesis by this means; rather it favors the assumption of 
a long feed-back loop in the homeostatic control of cholesterol 
metabolism. 


SUMMARY 


1. The conversion of A’-cholestenol-H® to cholesterol by cell- 
free homogenates of rat liver was demonstrated. Up to 15 per 
cent of the added substrate was converted (60 per cent if it is 
assumed that three-fourths of the label is lost). 

2. The conversion required an oxygen atmosphere, but Mgt, 
DPN, and nicotinamide could be omitted. 

3. The cellular factors necessary for the conversion were found 
to reside in the 105,000 x g supernatant and in the microsomes, 
Of the latter, the sediment collected at 30,000 x g, after removal 
of the mitochondria at 9000 x g, proved most active. 

4. Conversion was sometimes observed in preparations con- 
taining only the supernatant after centrifugation for 90 minutes 
at 105,000 x g. Some evidence indicated that these conversions 
may have been due to unremoved particles, rather than to solu- 
bilized enzymes. 

5. The conversion was not inhibited by cholesterol feeding. 
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Metabolism of 1-Dehydrosteroids in Man 


II. ISOLATION OF 20a- AND 208-HYDROXY METABOLITES* 
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Recently some of the metabolic pathways of the 1-dehydro- 
corticosteroids in vivo have been elucidated. The susceptibility 
of the cross conjugated system in ring A of 118,17a,21-trihy- 
droxy-1 ,4-pregnadiene-3 ,20-dione (prednisolone) to partial or 
complete reduction (2,! 3) was firmly established. The oxidation 
reduction reaction of the oxygen function at C-11 (2, 4-6), the 
reduction of the carbonyl at C-20 to 208-alcohol (4, 5), and the 
cleavage of the dihydroxy acetone moiety (2, 7, 8) were demon- 
strated. Until now the reduction of the C-20 carbonyl to the 


' 20a-hydroxy compounds has not been demonstrated. 


In this communication we report the isolation of both 20a- 
and 208-hydroxy analogues of prednisolone and 208-hydroxy 
analogue of prednisone resulting from the reduction of the C-20 
carbonyls of the respective compounds. These substances were 
isolated from the urine of two leukemic patients after the ad- 
ministration of prednisolone. 


EXPERIMENTAL 


Two patients diagnosed as having lymphatic leukemia were 
selected for the study. Before the investigation was begun the 
subjects were treated with 60 and 100 mg. of prednisolone daily 
for 3 and 8 weeks, respectively. Then the dose of prednisolone 
was changed to 75 mg. daily and urine was collected for 72 hours. 
The urines from both patients were processed separately. 

Extraction of Free Steroids—The 72-hour sample was pooled 
and extracted at the original pH with 4 times $ volume of ethyl 
acetate. The combined ethyl acetate extracts were washed 
with small amounts of 1 N sodium hydroxide, then with water, 
dried over sodium sulfate and concentrated to a residue under 
reduced pressure. The residue was partitioned between benzene 
and water and the benzene portion discarded (9). The aqueous 
phase was extracted 4 times with 0.25 volume of ethyl acetate, 
dried, and concentrated to a residue. 

Extraction of Conjugated Steroids—The above extracted urines 
were acidified to pH 5.5 with 12 n sulfuric acid, and buffered 
with 0.1 volume of acetate buffer. One thousand units of extract 
from snail intestines,? were added per ml., and the mixture was 
incubated for 48 hours at 37°. 
tracted as above. 


Then the urine was again ex- 


*This work was supported by grants from the National Fund 
for Medical Research, Belgium, and the Schering Corporation, 
Bloomfield, New Jersey. It was presented at the meeting of the 
Federation of American Societies for Experimental Biology, in 
Atlantic City, April, 1959 (1). 

‘The m.p. of 3a,118,17a,21-tetrahydroxypregnan-20-one, is 
206-208° and not as printed in reference (2). 

? Purchased from Stella Corporation, Belgium. 


Aliquots of the extracts equivalent to 60 mg. of the adminis- 
tered prednisolone were chromatographed for 3 hours on What- 
man No. 2 paper in Bush system C (9a). The area of the paper 
chromatogram more polar than prednisolone was extracted with 
chloroform-methanol (1:1) and the eluted residues were chro- 
matographed for 14 hours in benzene-methanol-water-ethy] ace- 
tate (1:1:1:0.1) (10). 

Five products which appeared as dark zones when observed 
under the ultraviolet lamp were detected on the paper chromato- 
grams. The distribution of spots seen in the “free” and ‘“‘con- 
jugated” portions was identical. The substances were marked 
in order of increasing mobility and were eluted with methanol. 
Substances 2 and 3 were poorly separated and failed to react 
with blue tetrazolium. Attempts to separate the products by 
rechromatography in chloroform-formamide (8 hours) or in the 
system E2B (16 hours) according to Eberlein and Bongiovanni 
(11) failed. However, rechromatography for 24 hours in the 
benzene-methanol-water-ethyl acetate (1:1:1:0.1) (10) system 
gave a neat separation of the products into two spots 18 to 21 
and 23 to 26 cm. from the origin. The amounts of steroids eluted 
from the spots were determined by blue tetrazolium or ultraviolet 
light absorption measurements. For identification purposes the 
metabolites eluted from the appropriate spots were combined 
and processed until crystalline products were obtained. 


RESULTs® 


The quantities of steroids found in the four spots are presented 
in Table I. In each case the amounts of the metabolites from 
the ‘‘free’’ fraction were larger than those from the “‘conjugated”’ 
one. The total conversion to 17a,208 ,21-trihydroxy-1 ,4-preg- 
nadiene-3 ,11-dione was about 6 per cent, to 118,17a,20a,21- 
tetrahydroxy-1 ,4-pregnadien-3-one about 2 per cent, and to 
118 ,17a,208 ,21-tetrahydroxy-1 ,4-pregnadien-3-one about 4 per 
cent. The over-all transformation to C-20 alcohols with an in- 
tact cross conjugated system in ring A was about 12 per cent. 
Of these, the amount of the 11-keto compounds is approximately 
equal to those with an 118-hydroxy function. About 13 per 
cent of the administered prednisolone was recovered. 

The two most mobile products eluted from spots 5 and 4 were 
identified as prednisolone and 17a,206 ,21-trihydroxy-1 ,4-preg- 
nadiene-3 , 11-dione, respectively. 

Isolation of 118 ,17a,20a,21-Tetrahydroxy-1 , 4-pregnadien-3- 


3’ Melting points were taken on a micro hot stage and are re- 
ported as read. The ultraviolet spectra were taken in methanol 
and infrared spectra were obtained from material incorporated 
into potassium bromide pellets (2). 
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TaBLeE | 
Amounts of urinary steroids isolated after 
administration of prednisolone 











| Amount of 
| — 
| oun 

Steroid  jaees 

| Con- 

| Free jugated 

Prednisolone 5 | B.T+ | 9.0 | 4.2 
17a, 208,21-trihydroxy-1,4-pregna-| 4 | U.V.t | 4.1 | 1.8 

diene-3,11-dione 

118, 17a, 208 ,21-tetrahydroxy-l1,4- S | BX. 443 1449 


pregnadien-3-one 
118, 17a,20a,21-tetrahydroxy-1,4- 2 | 
pregnadien-3-one | 








* Expressed in mg. per 100 mg. of administered prednisolone. 

1 B.T., blue tetrazolium; U.V., ultraviolet light absorption. 

¢t Estimated from the absorption at Amax with the use of an 
urbitrary extinction coefficient, « 16000. 








CH20H CligOAc 
HC---OH HC-*-OAc 
.- OH 
| | Ci-Ohc 
0 H C--OAc 
oy . ss 
0” I y 


+HCHO 
ScHEME 1 


one (I) from Spot 2—The material from the 18- to 21-cm. paper 
chromatogram area was eluted and the residue rechromato- 
graphed on a partition column as previously described (2). The 
substance, which absorbed ultraviolet light in the 240 my re- 
gion, was eluted in a single peak with mixtures of benzene and 
ethyl acetate (19:1). The product was crystallized with great 
difficulty from a mixture of methanol and ethyl acetate to yield 
0.4 mg. of J, m.p. 230-233°; AMs2® 244 muy; infrared: »v 3550, 
1650, 1605, 1590 cm.-?. The three bands at 1650, 1605, and 
1590 cm. taken together with AMs2" 244 my of ultraviolet light 
absorption indicated the presence of a cross conjugated system 
in ring A. 

The structure of the metabolite was established in the follow- 
ing sequence of reactions. The mother liquor of crystallization 
was taken to dryness, then dissolved in 0.4 ml. of spectral, form- 
aldehyde-free methanol, and oxidized with sodium periodate 
as previously described (12), with the use of 0.4 ml. of the stock 


solution. After 3 hours in the dark the mixture was distilled to 
dryness. The distillate gave a positive test with chromotropic 


acid (13), and the formaldehyde was precipitated with dimedone 
to give a small amount of formadone, m.p. 190-194°. The resi- 


due from the distillation was dissolved in ethyl acetate, washed 
with sodium chloride solution, dried over anhydrous sodium 
sulfate, and concentrated. The solid was crystallized from ethyl 
acetate-neohexane to yield 116-hydroxy-1 , 4-androstadiene-3 , 17- 
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dione (JJ), m.p. 110-115°, identical in every respect with an 
authentic sample. This established the presence of an 118-hy- 
droxy function and suggested a Cx skeleton with a trihydroxy 
moiety at C-17. 

The remainder of the crystalline J (0.2 mg.) was acetylated in 
the usual manner. The acetylated product JJI was isolated 
and without further purification was dissolved in 0.05 ml. of 
pyridine and then added to a suspension of 10 mg. of chromium 
trioxide in 0.1 ml. of pyridine; the mixture was left for 16 hours 
at room temperature (14). Ethyl acetate was then added, the 
coagulated chromium trioxide filtered, and the filtrate washed, 
dried, and concentrated to a small volume. 
scratching, a small amount of JV crystallized. It melted at 246- 
250° with a change in crystalline structure at 232-240°; \Me0# 
238 muy; infrared: v 3600, 1745, 1725 (20,21-ester carbony]s), 
1700 (C-11 carbonyl) 1675, 1630, 1600 (1 ,4-dien-3-one), 1265, 
1235 (acetate) cm.-!. The product was identical in every re- 
spect with an authentic sample of 17a-hydroxy-20a ,21-diace- 
toxy-1 ,4-pregnadiene-3 , 11-dione, m.p. 253-258°; AMeO# 238 muy. 

Isolation of 118 ,17a,208 ,21-Tetrahydroxy-1 , 4-pregnadiene-3- 
one from Spot 3—The eluted material was crystallized from 
methanol-ethyl acetate to yield a solid, m.p. 120-127°; AMeo# 


max 





Upon vigorous | 


242 my; infrared: v 3500, 1650, 1615, 1600 (1,4-dien-3-one) | 


em.-}, 


The metabolite was identical to an authentic sample of 


118 ,17a,208 ,21-tetrahydroxy-1 ,4-pregnadien-3-one, m.p. 126- | 


128° ;AMeOH 242 mu. 
identified. 


The product in spot 1 has not as yet been 


DISCUSSION 

It has been shown that the reduction of the carbonyl at C-20 
of corticosteroids is one of the major metabolic pathways in vivo 
in man (15-20). The isolation of 20a- and 206-hydroxy ana- 
logues of cortisol (15-17), the 208-hydroxy analogue of corti- 
sone (18, 19), and of the 208-hydroxy analogue of corticosterone 
(20) has been reported. The fully reduced ring A 20-alcohols, 
cortol, B-cortol, cortolone, and B-cortolone, account for at least 
30 per cent of the total neutral urinary metabolites of cortisol 
(21). Similar observations have been made in other species, 
i.e. 20a- and 206-hydroxy analogues of cortisol were isolated from 
urine of cortisol-treated guinea pigs (22) and 118,17a,208,21- 
tetrahydroxy-4-pregnen-3-one (23) and §-cortolone* were ob- 
tained from the urine of cortisone acetate treated rats. 

The similarity of the metabolic pathway of the naturally oe- 
curring corticosteroids and their 1-dehydro analogues has been 
previously pointed out (2, 3,8). This similarity is now extended 
by the report of the isolation of 17a,208,21-trihydroxy-1,+ 
pregnadiene-3,11-dione, 118,17a,20a,21-tetrahydroxy-1,4- 
pregnadien-3-one, and 118,17a,208,21-tetrahydroxy-1 ,4-preg- 
nadien-3-one. The isolation of 208-alcohols from the urine of 
human subjects treated with prednisolone or prednisone has been 
previously described (4, 5). However, the identification 0 
118, 17a,20a,21-tetrahydroxy-1 ,4-prenadien-3-one in the pres 
ent paper is the first conclusive demonstration of this reaction, 
although such a transformation was previously suspected (4, 5). 

Although some of the transformation products of cortico* 
teroids in vivo and their 1-dehydro analogues are the same, there 
appears to be a difference in the rates of certain of their metaboli 
reactions. The 1-dehydro substances seem to be less suscepti 
ble to enzymatic attack. This can be inferred from the relatively 


4E. Caspi, J. R. Bergen, and J. Wolfe, unpublished observa 
tions. 
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large proportions of unchanged prednisolone and prednisone 
excreted by subjects treated with these substances. Although 
extrapolation of studies in vitro in various species to man must 
be limited, results of the metabolism of 1-dehydro steroids in 
vitro with rat liver tissue nonetheless seem to be in keeping with 
the above observation. It has been shown that the rates of 
transformation of prednisolone and prednisone are considerably 
slower than those of natural corticosteroids (24-26). It appears 
that the cross conjugated system in ring A is less susceptible to 
enzymatic hydrogenation than the 4-en-3-one group of corti- 
costeroids (27, 28). 


SUMMARY 

Two patients with lymphatic leukemia were treated with large 
doses of prednisolone over an extended period of time and their 
urines were analyzed for steroid metabolites. The patterns of 
steroid “spots” on paper chromatograms from the nonconjugated 
and conjugated fractions were identical. Certain of the steroids 
present in the urine in the free and conjugated forms were deter- 
mined quantitatively. The amounts of the free steroids were 


A. Vermeulen and E. Caspi 
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larger than those in the conjugated form. The isolation for the 
first time of 118,17a,20a,21-tetrahydroxy-1 ,4-pregnadien-3- 
one is reported. In addition two more metabolites, 118 ,17a,- 
208 ,21-tetrahydroxy-1 ,4-pregnadien-3-one and 17a,208 ,21-tri- 
hydroxy-1 ,4-pregnadiene-3,11-dione, were obtained. Certain 
aspects of the metabolism of 1-dehydro steroids are discussed. 
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Added in proof—An authentic sample of 118,17a,20a,21- 
tetrahydroxy-1 ,4-pregnadien-3-one m.p. 243-246°; AM®O™ 244 


mu; € 14000 was recently secured and its infrared spectrum was 
identical to that of the isolated metabolite. 
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An approach to further knowledge of the phosphorus linkages 
in phosphoproteins and their derivatives! may be obtained by a 
comparison of the acidic ionizations of these substances with 
those of low molecular weight synthetic compounds of similar 
structure. In previous papers (2, 7, 8) the titration of synthetic 
0O-phosphorylserine and a phosphopeptide prepared from an en- 
zymic digest of casein have been reported. The titration data 
of the phosphopeptide indicated that all its three phosphate 
groups were bound in monoester linkage to hydroxyl groups of 
serine (and threonine). 

It seemed, therefore, to be of interest to study the acid ioni- 
zations of some synthetic O-phosphorylated serine peptides, for 
which synthetic methods have recently been made available 
(9-12). Included in the present paper are compounds in which 
the phosphoric acid is monoesterified by the hydroxyl group of a 
seryl or serine peptide residue, or diesterified by such a group 
and a phenyl group, as well as some related serine and ethanol- 
amine derivatives. The investigated compounds and their ab- 
breviations are listed in Fig. 1. 


EXPERIMENTAL 


Materials 


O-Phosphoryl-pi-serine Methyl Ester—To a vigorously stirred 
mixture of 8.0 gm. (50 mmoles) of pL-serine methyl ester hydro- 
chloride (13) and 150 ml. of saturated NaHCO; solution, 9.3 gm. 
(55 mmoles) of carbobenzoxy chloride (14) were added at 20°, 
in one portion. After 2 hours of stirring, the carbobenzoxy ester 
was taken up in ether (three 75-ml. portions), the ether solution 
dried (Na2SO,), and then evaporated to dryness in a vacuum. 
After being dried over P.O;, the remaining oil (11.7 gm., n? = 
1.5260) was phosphorylated as usual (10, 11) in 25 ml. of anhy- 
drous pyridine with 13 gm. (50 mmoles) of diphenylphosphory] 
chloride (15). After 5 hours at room temperature, the reaction 
product was added to 300 ml. of water and 300 ml. of ether. 
The ether layer was washed with 4 n H2SO,, water, NaHCO; 
and water, and, after drying over Na2SO,, was evaporated to 
dryness in a vacuum. The remaining oily triester was then 
hydrogenolyzed in 250 ml. of glacial acetic acid, with platinum 
oxide as catalyst. The hydrogen uptake was completed in 12 
hours, and the catalyst was removed by filtration. The solvent 
was distilled off in a vacuum, after which the remaining solid 


1 Karly literature in this field has been extensively reviewed by 
Perlmann (1). Some later studies have been summarized (2); 
others are included in the recent literature (3-6). 


) 


product was recrystallized from hot water. Insoluble material, | 
1.6 gm. of monophenylphosphory] derivative (10, 11), was filtered 
off because of its low solubility. When left for 4 hours at 4° f 
5.6 gm. (56 per cent) of O-phosphoryl-pi-serine methyl ester 
crystallized from the water solution. M.p. 173-176° (decom. | 
poses), Rr 0.55 (1) ;? 0.30 (IT). } 


CiHi00. NP (199.1) 
Calculated: C 24.1, H 5.1, N 7.0, P 15.6 
Found: C 24.4, H 5.2, N 6.9, P 15.6 


The water-insoluble material was recrystallized from 50 per 
cent acetic acid, yielding 1.2 gm. (9 per cent of O-monopheny!- 
phosphoryl-pt-serine methyl ester. M.p. 162-163° (decom- 
poses), Rp 0.9 (1); 0.45 (II). 


CyoHusOgNP (275.2) 
Calculated: C 43.6, H 5.1, N 5.1, P 11.3 
Found: C 43.1; H 5.1, N 5.0, P 11.4 


Other Derivatives of px-Serine 


pi-Serine (‘‘M.A.,”” Mann Research Laboratories, New York 
was recrystallized from water-ethanol. 





C3H703N (105.1) 
Calculated: N 13.3 
Found: N 13.3 


No impurities could be detected by paper chromatography it 
solvents (I) and (II). 

The syntheses and the analytical data for the following deriva- 
tives have already been reported (9-11): pt-serylglycine, glycyl- 
pL-serine, glycyl-pt-serylglycine, O-phosphoryl-pL-serylglycine 
glycyl-O-phosphoryl-pt-serine, glycyl-O-phosphory]-pL-serylgly- 
cine, O-monophenylphosphoryl-pt-serine, O-monophenylphos 
phoryl-pt-serylglycine, and glycyl-O-monopheny]phosphoryl-pt 
serine. 


t-Leucine Derivatives 


The derivatives of L-leucine, the synthesis of which is de 
scribed elsewhere (12), had the following constants: 
t-Seryl-t-leucine monohydrate, m.p. 220-222° (decompose 


2 Solvent systems used in the paper chromatography are: (I 
phenol-water (80:20, volume for volume), ascending, 6 hours; a0 
(II), n-butanol-acetic acid-water (40:10:50, volume for volume fot 
volume), descending, 18 hours. 
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Compound 
Ethanolamine 
O-Phosphorylethanolamine 
O-Dipheny]lphosphorylethanolamine 





Serine 
O-Phosphorylserine 

' 0-Phosphorylserine methyl] ester 
O-Monophenyl]phosphorylserine 


Serylglycine 
O-Phosphorylserylglycine 
ce O-Monophenylphosphorylserylglycine 
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Abbreviation 


Not abbreviated 


2299 


Formula 


CH.0O—R 


P-Ethanolamine | 


Eg:P 


Ser 

SerP 
SerP-OMe 
SergP 


Ser-Gly 
SerP-Gly 
SergP-Gly 


H.N—CH—R’ 
CH.0—R 
| 


H:.N—CH—CO0O0—R’ 


CH.O0—R 


H:N—CH 
| 
CO—NH—CH:—CO0O—R’ 








IVa Glycylserine Gly-Ser CH,.O—R 
erial. | b Glyeyl-O-phosphorylserine Gly-SerP | 
tered) ¢ Glyeyl-O-monophenylphosphorylserine Gly-SergP H.N—CH:—C O—NH—CH—COOR’ 
at 4° F : roa 
ein Va Glycylserylglycine Gly-Ser-Gly CH.0—R 
2 ‘ b Glycyl-O-phosphorylserylglycine Gly-SerP-Gly | 
— H,.N—CH,—CO—NH—CH 
| 
CO—NH—CH:—COOR’ 
VIa wt-Seryl-u-leucine Ser-Leu CH.O—R 
b O-Phosphoryl-.-seryl-L-leucine SerP-Leu | 
0 per e O-Monophenylphosphoryl-.-seryl-t-leucine SergP-Leu oe 
nang CO—NH—CH—COOR’ 
ecom- l 
CH.—CH—CH; 
CH; 
Compounds I-VIa: R = —H, R’ = —H OC,H; 
| 
OH II-IV, Vic: R = —P—OH, R’ = —H 
York I-VIb: R = —P—OH, R’ = —H I 
O OCeH; 
OH | 
| Id: R = —P—OC,H;, R’ = —H 
IIb’: R = —P—OH, ‘= —CH; I 
phy i O 
re Fig. 1. Structure and symbols of ethanolamine and serine derivatives. The latter compounds are obtained from pL-serine, except 
g ycyr VIa, b and e. 
slycine 
fe! after sintering at 110°); [a]?? —20.9° (1 n HCl, ¢ 2.4); Rp 0.70 O-Monophenylphosphoryl-x-seryl-t-leucine monohydrate, m.p. 
) a 1); 0.60 (II). 202-204° (decomposes) Rp 0.55 (I); 0.55 (ID). 
ry l-Di- 
C,Hs0.N2, H.O (236.3) gy —~ = 
Calculated: N 11.8 oe ning i . N - 
Found: N 11.8 ound: N71 
is de er bas ~r e ’ Derivatives of Ethanolamine 
-Phosphoryl-x-seryl-x-leucine, m.p. 161-164° (decomposes); . : ge 
soos | (al? ee a - ack c 4.1); Rr <n (I); 0.30 (ID) , Ethanolamine was obtained from British Drughouses Ltd., 
— es ; ’ London. The refractive index, after redistillation, was n% = 
re: (1 C,H1,0;N2P (298.2) 1.4538. 
me Calculated: N 9.4 O-Phosphorylethanolamine was prepared by the method of 
ime 10°} 


Found: N 9.4 


Baer and Stancer (16). M].p. 244-245° (decomposes). 
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C,H;s0,NP (141.1) 
Calculated: C 17.0, H 5.8, N 9.9, P 22.0 
Found: C 17.0, H 5.8, N 9.8, P 21.9 


O-Diphenylphosphorylethanolamine hydrobromide was _pre- 
pared according to the above authors (16). M.p. 115°. 


Cy4Hi7O,.NPBr (374.2) 
Calculated: C 44.9, H 4.6, N 3.7, P 8.3 
Found: C 44.8, H 4.5, N 3.8, P 8.4 


Other Reagents 


Potassium hydroxide and hydrochloric acid, both approximately 
0.25 m and containing 0.15 m KCl, were prepared and stand- 
ardized as already described (2). 

All reagents used in this work were of analytical grade. 
distilled water was used throughout. 


Triply 


Apparatus 


The equipment used for the titrations was essentially the same 
as described in an earlier publication (8). The titration vessel 
was kept by a water thermostat at a temperature of 25.00 + 
0.03°. Purified (2) nitrogen was allowed to bubble through the 
titration vessel in order to get a constant atmosphere and satis- 
factory stirring. An “Agla” micrometer burette (Burroughs 
Wellcome and Company, London), with a capacity of 0.50 ml. 
was used. The pH meter was standardized on the pH scale 
with 0.05 m potassium hydrogen phthalate and 0.05 m borax 
according to Hitchcock et al. (17). 


Procedure 


A weighed sample of model compound was dissolved in 10 ml. 
of 0.15 m KCl to give an approximate 2 X 10-*m solution. In- 
crements of standard KOH or HCl were then added, the pH 
being recorded for each addition. 

There was a drift in pH with time above pH 9 for Eg2P, and 
consequently the pK value reported was computed from points 
below pH 8.5. Titration solutions containing ethanolamine were 
first acidified by HCl to pH 3.8 to 4.2, then left standing with 
nitrogen bubbling for about 20 minutes, and finally titrated with 
KOH. 

Because of the low solubility of SergP-Leu at acid pH, it was 
necessary to adjust the pH to 11.2 to 11.4 with KOH, in order 
to dissolve it. During the following titration with HCl, a pre- 
cipitate began to develop at pH 3.5. In order to avoid the car- 
bonate error the amino group of SergP-Leu was titrated by the 
same procedure as used for ethanolamine. 

In view of the studies of Riley et al. (18) on the 6-elimination 
reaction, and on hydrolytic dephenylation of similar compounds 
at alkaline pH, the above mentioned precipitate, as well as the 
mother liquor, were both subjected to paper chromatographic 
analysis. In solvents (I) and (II) (see above), both samples 
produced a single ninhydrin- and phosphate-positive spot, which 
traveled as SergP-Leu. The m.p. (199-201°, decomposes) of the 
washed and dried precipitate and the mixed m.p. (199-201°, 
decomposes) with pure SergP-Leu, also confirmed the fact that 
none of the above mentioned reactions occurred in this study. 

The pH meter readings were converted to values of hydrogen 
ion concentration with the use of a calculated apparent activity 
coefficient, yut, for the measuring system. This computation 
was made from several points of a curve, obtained by the titra- 
tion of 2 x 10-* M acetic acid in 0.15 m KCl. The “concentra- 
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tion constant” of acetic acid used for these calculations (3.01 x 
10-5 m) was taken from Harned and Owen (19). The result was 
Yut 0.79 + 0.02. This coefficient was thought to apply 
above pH 3.5. Below this pH, the pH meter readings were cor. 
rected by a.blank titration with HCl. Above pH 9.5 the added 


increments of KOH were corrected from a KOH blank titration } 


curve. Below pH 9.5, the added KOH was corrected as pre- 
viously described (8). 

Acetic acid titrations, carried out as described above, were 
used for routine calibration of the measuring system. The devi- 
ations never exceeded 0.01 pH unit. 


CALCULATIONS 


If any of the acid equilibria is written (all charges omitted) 


HjA @ Hj.A+ H _* 


the corresponding apparent acid ionization constant is defined 
by (ef. 8) 
K 7 h{Hj_,A] ie h(j — fin) 

“* (HA) (in — 5 +) 





where A represents the conjugate base of the polybasic acid, 
with all protons removed, h is the molar concentration of free 
hydrogen ions, 1i,, the number of protons bound per all different 
species of A present, and ¢ a correction term for the influence of 
neighboring ionizations. 

Each acid ionization constant was calculated from several 
points of thetitrationcurve, preferably within the i —j+1 range 
0.20 to 0.80. 

When the ionization steps were sufficiently separated (>3 pK 
units) the calculations were made by a direct algebraic method 
(8) (¢ 1). When slight overlapping existed for adjacent 
ionizations (2 < pKu,;a — pKu;,,a < 3), the influence of 
a neighbouring ionization was corrected for by the procedure of 
Li et al. (20). When the difference pKu;, — pKu;,,a was les 
than 2, the constants were computed by the graphical method 
of Schwarzenbach et al. (21). 


= 


RESULTS AND DISCUSSION 


Computed values of the apparent ionization constants of the 
investigated compounds, together with those of O-phosphory!- 
serine (8), are listed in Table I. Since the ionization constants 
of most of the compounds were rather well separated, it seemed 
reasonable to refer the pK values to individual groups as indicated 
in Table I, in which the successive pK values are written in 
ascending order from left to right. The present constants, how- 
ever, are apparent ionization constants, and should not be con- 


’ Including the term for this correction, the equations for cal- 
culation of pKuja (cf. 8) will be: (a) ionizations of HjA and Hj,A 


overlap: 
fin — j 1 h(j — i 1 
pH + log a Bo > — log} 1+ — TS 
j — iin (j — fin) Kaj 


pKuya = 





(b) Ionizations of H;A and H;_;A overlap: 


— es 
pKuja = pH + log nt Be 
) — Da 


—tt 


Ke 
+ log E + ant oe Hyj14 
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TaBLe I 
Apparent acid ionization constants of compounds at 25° and 0.15 ionic strength 
Compound | —COOH —PO:H- —NH:* 
Ethanolamine pKa, = 9.54 + 0.01 
P-Ethanolamine pKa, = 5.57 + 0.01 pKa = 10.10 + 0.02 
EgP | pKa, = 8.22 + 0.01 
Ser pKa = 2.12 + 0.03 | pKa = 9.02 + 0.01 
SerP pKu,a = 2.07 pKu,a = 5.67 + 0.01 pKa, = 9.69 + 0.04 
SerP-OMe pKu,a = 5.33 + 0.01 | pKua = 7.83 + 0.02 
SereP | pKuaa = 2.13 + 0.04 pKua = 8.79 + 0.02 
Ser-Gly | pKu.a = 3.10 + 0.01 | pKa = 7.33 + 0.02 
SerP-Gly pKu,a = 3.13 + 0.01 pKa. = 5.41 + 0.01 pKa = 8.01 + 0.01 
SergP-Gly pKuaa = 3.18 + 0.01 pKa = 6.95 + 0.01 
| 
Gly-Ser pKu.a = 2.92 + 0.02 | pKa = 8.10 + 0.01 
Gly-SerP pKu,a = 2.90 + 0.03 pKu.a = 6.02 + 0.01 pKua = 8.43 + 0.005 
Gly-SergP pKa = 2.96 + 0.02 | pKaa = 8.07 + 0.02 
| 
Gly-Ser-Gly pKa. = 3.23 + 0.02 pKa = 7.99 + 0.01 
Gly-SerP-Gly | pKa, = 3.29 + 0.02 pKuza = 5.76 + 0.01 pKa, = 8.23 + 0.01 
| 

Ser-Leu | pKa. = 3.08 + 0.01 pKma = 7.45 + 0.01 
SerP-Leu pKa, = 3.11 + 0.02 pKa. = 5.47 + 0.005 pKna = 8.26 + 0.01 
SergP-Leu pKa. = 3.16 + 0.03 





pKua = 7.12 + 0.02 





sidered as intrinsic constants (22, 23). The errors in the pK 
values shown in Table I refer to maximal deviation from the 
mean value for the individual calculations. 

Values of pK related to the first ionization of the phosphoryl 
group of the present phosphate compounds are not included in 
Table I since the dilute’ concentrations used did not allow ac- 
curate calculations in the pH range involved. An approximate 
calculation from the present measurements, however, indicated 
this pK to be < 1 for all phosphorylated compounds studied. 

Recent studies on acid ionization constants include the com- 
pounds ethanolamine (23-26), O-phosphorylethanolamine (27), 
serine (23, 24), and glycylserine (24, 28). These studies agree 
reasonably with our data when considering the differences in 
experimental conditions and in the method of computing the 
constants. With respect to the second phosphory] ionization, 
the phosphorylated compounds studied here appear generally to 
ionize more strongly than other O-monoesterified organic phos- 
phates (29-43). This may be due to the effect of the positive 
charge on the amino nitrogen atom in the present compounds 
(36). 

The titration data of a casein phosphopeptide, previously re- 
ported from this laboratory (2), appear to be compatible with 
those of the present monoesterified phosphorylated peptides, 
indicating that the bonds involving phosphorus, which have been 
suggested for the casein phosphopeptide, are correct. This is in 
contrast to some recent titration studies on phosphoproteins 
(44-46), which were found to be in accord with their amino acid 


‘See page 481. 

5 Lack of material made it impossible to overcome these errors 
by carrying out titrations on more concentrated solutions. 

* Our data are apparent ionization constants, h being introduced 
a a concentration, whereas some of the authors referred to use 
the “mixed’’ constants, in which h is introduced as an activity, 
and some others report the thermodynamic ionization constants. 


compositions when the tentative pK value 7 was assigned to the 
ionization of second phosphoryl] groups. Those studies (44-46) 
were made under different experimental conditions, however, and 
apparently they used the intrinsic pK value for the said group, 
which is expected to be different from the apparent pK values 
reported here. Despite these facts, however, a pK value of 7 
for the second ionization of phosphoryl ester groups is not con- 
sistent with the fact that an O-monoesterified phosphoryl group 
usually ionizes considerably more strongly than a corresponding 
phosphoric acid group (36, 47). 

The pK values of the unphosphorylated derivatives, included 
in Table I, were determined in order to elucidate the effect of 
the phosphoryl groups on the ionization of the amino and car- 
boxyl groups. It is evident from the table that in general this 
effect of the phosphate group is more pronounced on the pK of 
the amino group than on that of the carboxyl group. As would 
be expected on an electrostatic basis, the pK change is greater 
when the interacting groups are apparently situated close to 
each other. The electrostatic effect, however, seems to be coun- 
teracted by another effect, probably a polar effect of the entire 
phosphate group. The lower pK value for the amino group in 
the diesterified phosphates as compared to the unphosphorylated 
compounds can hardly be explained otherwise. 

From one point of view, some of the investigated compounds 
may be considered derivatives of O-phosphorylethanolamine 

O- 
| 
at —0—-Car—-CE—S 
0 NH;,* 
Table II shows the effect on the second phosphate and amino 
ionizations for various substituents. The effect of the same sub- 
stituents on the amino ionization in corresponding diester phos- 
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TaBLeE II 


Influence of substituent R on acidity of second phosphate and 
amino group in CH.—CH—R 


| | 














O NH;+ 
| 
-O—P=0 
| 
OH 
| 
feo] 
Compound R So PKNH,+ 
iv} 
a 
P-Ethanol- | —H 5.57|10.10 (9.54)* 
amine 
SerP —COO0- 5.67| 9.69 (9.02) 
SerP-OMe —COOCH; 5.33) 7.83 
SerP-Gly —CO—NH—CH.—COoOoO- 5.41) 8.01 (7.33) 
SerP-Leu —CO—NH—CH—CO0O- 5.47| 8.26 (7.45) 
| 
CH:—CH—CH; | 
| 
CH; | 











* The values within brackets refer to pK values of correspond- 
ing unphosphorylated derivatives. 











TaBLeE III 
Influence of substituent R on acidity of amino nitrogen group in 
CH.—CH—R 
O NH;* 
| 
-O—P=0 
| 
H;C.O 
Compound R PKNH,+ 
SergP —COO- 8.79 (9.02)* 
SeryP-Gly —CO—NH—CH:.—COoOOo0O- 6.95 (7.33) 
SergP-Leu —CO—NH—CH—COO- 7.12 (7.45) 


CH:—CH—CH; 


CH; 











* The values within brackets refer to values of pK for cor- 
responding unphosphorylated compounds. 


TABLE IV 


Influence of substituent R on acidity of carboxyl and second 
phosphate groups in O 


-O—P—O—CH:—CH—R 








OH COOH 
Compound | R IpKpose- | pKcoou 
SerP —NH;* 5.67 | 2.07 (2.12)* 
Gly-SerP —NH-—-CO—CH.—NH;+ 6.02 | 2.90 (2.92) 





* The values within brackets refer to pK values of correspond- 
ing unphosphorylated compounds. 
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phates may be seen in Table III. In this case also the change in! 
pK is most pronounced for the amino group. The effect of the 
substituents on the amino group of the O-phosphorylethanol. 
amine derivatives also closely resembles their effect in compar. 
able unphosphorylated compounds (Tables II and III). This 
may indicate that the negatively charged carboxyl group will 
have the same effect on the amino ionization, whether a phos. 
phate group is present or not. 

Table IV shows the effect on the pK of the second phosphory| 
and the carboxyl groups, when O-phosphorylserine is converted 
to glycyl-O-phosphorylserine. There is still a strict parallelism 
to the unphosphorylated derivatives, in this case with respect to 
the ionization of the carboxyl group. The effect on the pK of 
the second phosphoryl group appears to be mainly electrostatic, 
since a similar change in pK, but in the opposite order will r- 
sult if O-phosphorylserine is converted to O-phosphory]seryl- 
glycine (Table I). Moreover, in the tripeptide glycyl-O-phos- 
phorylserylglycine the pK value of the second phosphoryl] group 
is the approximate mean of those for the two N-terminal and 
C-terminal O-phosphorylserine dipeptides mentioned (Table J), 

Finally, we may add some considerations regarding the pos- 
sible biochemical significance of the present results. Equilibria 
of phosphorylation, dephosphorylation, and transphosphoryla- 
tion reactions are greatly dependent on pH (47). The phos- 
phorylseryl peptides studied here appear to have two groups 
ionizing in the physiological pH region, 7.e. the second phosphory| 
group and the amino group. The increased acid strength of the 
former group for the phosphorylated peptides in this study, as 
compared with that of phosphoric acid (48) and many other 
biological phosphate esters (29-35, 37-43), indicates a change 
occurring in the buffer capacity of living tissues during phos- 
phorylation reactions involving phosphoproteins and phospho- 
peptides. This change, however, may be counteracted by an 
opposite effect, caused by an adjacent amino group. According 
to the present results (Table I) the ionization of such a group will 
be weaker, when it is situated near an O-monoesterified phos- 
phory] group. 

The diesters, SergP-Gly and SergP-Leu require special com- 
ments. Apparently the amino group in both these compounds 
is mainly uncharged at pH 7.4. This group may, thus, easily 
react with an adjacent phosphoryl group (49) at a physiological 
pH, and, for example in phosphoproteins, it may allow an O ~N 
migration of an O-diesterified phosphoryl group. As a matter of 
fact, this may be of importance, since during catalysis the en- 
zymes phosphoglucomutase (4, 5, 50, 51) and yeast hexokinase 
(6, 51) may contain a diester bridge between an enzyme serine 
residue and the substrate (4-6, 50, 51). The exact mechanisms 
for the transfer of phosphoryl groups involving these enzymes 
are not known at present. Koshland et al. (52) suggested that 
an imidazole group might be involved in such a transfer. The 
present results indicate that an adjacent amino group may als0 
be considered. 


SUMMARY 


Apparent acid ionization constants at 25° and 0.15 ionic 
strength have been reported for O-phosphorylated compounds o! 
ethanolamine, serine methyl ester, serylglycine, glycylserine, 
glycylserylglycine, serylleucine, O-monophenylphosphorylated 
compounds of serine, serylglycine, glycylserine, and serylleucine 
and O-diphenylphosphorylethanolamine as well as for corte 
sponding unphosphorylated derivatives. 
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The results indicate that the second phosphate ionization in 
Q-phosphorylserine peptides and probably also in phosphopro- 
teins in general occurs at a lower pH (5.5-6) than that of the 
same group in other monophosphate esters. 

The titration data of the synthetic O-phosphorylated peptides 
of this study conform to those previously reported for a casein 
phosphopeptide. This gives further evidence of the presence of 
0-monophosphate esters only, in the casein phosphopeptide. 

The amino groups are more basic in O-phosphorylserine and 
its peptides than in the corresponding unphosphorylated com- 
pounds, whereas the carboxyl groups are of approximately the 
same acid strength. 
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The computed pK values of the second phosphoryl group and 
the amino group of the monophosphate esters as well as those 
of the amino groups in the diesters studied here, are discussed in 
relation to biochemical transfers of phosphory] groups. 

The preparation of O-phosphoryl-pt-serine methyl ester and 
O-monophenylphosphory]-pL-serine methy] ester is described. 
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In 1956 we reported (1) the isolation of a crystalline material 
containing 80 per cent elastase, and of a pure noncrystalline 
elastase obtained from the former product by preparative electro- 
phoresis. The electrophoretically purified elastase was shown 
to be homogeneous by ultracentrifugation, electrophoresis, and 
diffusion. A number of physical and chemical constants were 
given for the pure material. Keller et al. (2), in a recent article 
on pancreatic proteins, suggested that possibly elastase and a- 
chymotrypsin are the same. Ina review on proteolytic enzymes, 
Dixon et al. (3) have called attention to a close resemblance be- 
tween our elastase and a-chymotrypsinogen, based on crystal 
shape and physical constants. The present report summarizes 
additional data on the individuality of elastase. 


EXPERIMENTAL 


Electrophoretic and Ultracentrifugal Homogeneity Studies—The 
electrophoretic experiments were performed with either a Spinco 
model H or a Perkin-Elmer model 38 apparatus, and the ultra- 
centrifugations with a Spinco model E instrument. The buffers 
of Miller and Golder (4) were used routinely except that for the 
ultracentrifugation an additional 1 per cent of NaCl was added. 
Calculations were carried out as described previously (1). 

The electrophoresis pattern of a once crystallized elastase 
preparation, the preparation that has been referred to as crude 
unrecrystallized elastase (5), is given in Fig. la. Besides elastase 
(Peak I), at least four other components can be seen in this 
sample. Component II and the material of Component III are 
unknown, elastolytically inert substances. Component IV is a 
fast migrating impurity which is always found in crystallized 
preparations. It too does not hydrolyze elastin. Component 
V is the substance with insulinase properties (5). Upon recrys- 
tallization, only components I and IV, with possibly a trace of 
II, remain (Fig. 1b), and it is this essentially two-component 
material that was referred to as crystalline elastase in our first 
report (1). 

Since this first publication (1) we have encountered a variation 
in the amount of fast migrating component in various batches of 
crystalline elastase. At times the impurity makes up approxi- 
mately 50 per cent of the mixture as seen in Fig. 1b. Repeated 
recrystallization at pH 8.8 does not remove Component IV from 
the elastase. 

We would like to call attention to the differences in appearance 
of the electrophoresis pattern, Fig. la, and the elution diagram 
(4) for once crystallized elastase. Component II is detected 
only as a slight skewing at the foot of the elastase boundary in 
the electrophoresis pattern, whereas in the elution diagram it 
appears as a major peak. The reason for this is that Component 
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II is yellow-colored, nonprotein material having stronger ultra- 
violet absorption than proteins. Since the column elution was 
followed by measuring the 280-my absorption, Component II 
would appear to be present in larger quantities than is actually 
the case. The substances designated as III are well separated 
in the elution diagram, but during electrophoresis they are seen 
as one barely visible, broad boundary. 

Pure elastase, free of all detectable impurities, was isolated by 
preparative electrophoresis (1). Later it was found that elastase 
could be separated from the fast migrating impurity of the crys- 
talline preparation in nearly quantitative yields by chromatog- 
raphy on diethylaminoethyl-cellulose (4). 

We have found, however, that during chromatography, elastase 
is partially altered in such a manner that a more acidic material 
is detected during electrophoresis. Figs. 1b and 1c show that 
the elastase peak in preparations that had never been subjected 
to chromatography is symmetrical after prolonged electrophoresis 
at pH 10. In Fig. 1d, however, a sample of elastase which had 
been separated from the fast migrating impurity by chromatog- 
raphy shows a definite shoulder on the leading edge. A similar 
alteration of pituitary growth hormone by diethylaminoethyl- 
cellulose has been reported (6). 

The pure material was also tested (1) for homogeneity by 
electrophoresis at five other pH values, by ultracentrifugation 
at pH 10, and by analysis of diffusion data. In each case the 
material showed no detectable inhomogeneity. Fig. 2 is the 
ultracentrifuge pattern from a determination at pH 10. 

Elastolytic Activity of Known Pancreatic Proteinases—The 
elastolytic activity of the known pancreatic proteolytic enzymes 
was determined by measurement of the extent of solubilization 
of elastin. The gravimetric assay procedure described pre- 
viously (1) was used instead of the more convenient colorimetric 
assay of Sachar et al. (7) since most of our results had been ob- 
tained before that report appeared. The results are summarized 
in Table I. Eighty per cent hydrolysis was produced by 0.1 mg. 
of elastase, whereas 20 times this amount of a-chymotrypsin! or 
trypsin’ brought about at the most only 7 per cent hydrolysis. 
This latter value is within the limits of reproducibility of the 
assay, which is between 5 and 10 per cent. A mixture of @ 
chymotrypsin and trypsin was also essentially inactive. 

The possibility existed that elastase was an activation produc 
of chymotrypsinogen other than a-chymotrypsin. Chymotryp 
sinogen was activated, therefore, by procedures that are know) 
to produce the 8, y, and 6 forms and tested for elastolytic action 
The 6 form was made by activating 2 mg. of chymotrypsinoget 

1 Worthington Biochemicals Corporation, Freehold, New Jer: 
sey. 
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Fic. 1. Electrophoretic patterns of elastase preparations (mi- 
gration from left to right). a, crude crystalline elastase at pH 
10 after 250 minutes at 4.6 volts per cem.; mobilities of Components 
Iand IV were —0.32 X 10-5 and —5.3 X 10-§ em.? volt~! see—. 
5, recrystallized elastase at pH 10 after 240 minutes at 4.6 volts 
percm. c, electrophoretically purified elastase at pH 10 after 175 
minutes at 8.3 volts per em. d, elastase prepared by chromatog- 
raphy at pH 10 after 220 minutes at 4.6 volts per em.; mobility of 
the shoulder was —0.8 X 10-° em.? volt~! see.-!. 
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Chymotrypsinogen was also slowly activated with trypsin to 
produce a mixture of a-, B-, and y-chymotrypsins. The method 
of Kunitz (9) was used; 2 mg. of chymotrypsinogen were treated 
with 0.1 yg. of trypsin for 96 hours at 5° in phosphate buffer, 
pH 8. The mixture was then assayed at pH 8.8 for elastolytic 
properties. It was devoid of elastase activity but was highly 
active against the albumin. 

The elastin-solubilizing actions of freshly dissolved trypsinogen 
and of an autolyzed trypsinogen preparation were also tested. 
For the autolysis, 2 mg. of trypsinogen' was allowed to stand at 
pH 8 for 20 hours at 5°. The mixture was then assayed. Both 
the unactivated and activated trypsinogen were elastolytically 
inactive. The activated preparation was highly proteolytic 
against albumin. 

Electrophoretic Separation of Elastase, a-Chymotrypsin, and 
Trypsin—In order further to distinguish elastase from chymo- 
trypsin and trypsin, mixtures of the enzymes were subjected to 
electrophoresis. For the analyses, 30 to 50 mg. of each enzyme 
were used with an 11-ml. cell. 


The electrophoresis was carried 
out as described above. 


Fig. 3a shows the pattern obtained 
with a mixture of a-chymotrypsin and elastase at pH 6.5. Only 
one boundary was noted. A similar pattern was observed when 
the same mixture was run at pH 3.5. However, at pH 8.5 and 
pH 10 (Figs. 36 and 3c, respectively) two boundaries were noted. 
Since elastase has an isoelectric point near pH 9.5 (1) and a- 
chymotrypsin is known to be isoelectric at about pH 8.1 (10), 
elastase would be the slower moving boundary noted at pH 10. 
This was verified by rerunning the sample after dissolving addi- 
tional elastase in the mixture and noting that the height of the 
slow moving peak increased. Electrophoresis for at least 2 hours 
was required to produce a significant separation of the elastase 
and chymotrypsin. 

Mixtures of trypsin, a-chymotrypsin, and elastase were also 
analyzed electrophoretically at pH 3.5 and 6.5. Trypsin was 
found to separate from the combined elastase-chymotrypsin 





Fic. 2. Ultracentrifuge patterns for electrophoretically purified elastase at pH 10; 32, 64, 96 and 128 minutes after beginning the 


acceleration. The bar angles were 35 
with 70 wg. of trypsin in tris(hydroxymethyl)aminomethane 
buffer, pH 7.3, for 1.5 hours at 0° according to the method of 
Jacobsen (8). This mixture will be referred to as fast activated 
thymotrypsinogen. It was immediately assayed for elastolytic 
activity at pH 8.8. An identical sample of the mixture was also 
tested against heat-denatured albumin. As can be seen from 
Table 1, the fast activated chymotrypsinogen was without elasto- 
lytie activity, but it readily hydrolyzed the albumin. When 
tested at 2 mg., nonactivated chymotrypsinogen did not hydro- 
lvze elastin. 


, 30°, 30°, and 30°; the rotor speed was 59,780 r.p.m. 


Sedimentation was from right to left. 
peak in both cases. Measurements at higher pH values were not 
run since trypsin undergoes rapid alteration in alkaline solutions. 

A denaturation effect was noticed when the solution of elastase 
was kept at pH 3.5. If not kept near 0°, the solution became 
cloudy and material actually precipitated at room temperature. 
This observation again demonstrates the acid-lability of elastase 
that was noted previously (1) and probably explains why the 
enzyme was not detected in acid extracts of pancreas used to 


isolate trypsin and chymotrypsin. 
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TABLE I 


Elastolytic action of various pancreatic enzymes 


Substrate* and enzyme om | Hydrolysis 
mg % 
Elastin 
Elastase 0.1 80 
a-Chymotrypsin 0.1 6 
a-Chymotrypsin 0.5 6 
a-Chymotrypsin 2.0 7 
Trypsin 0.5 4 
Trypsin 2.0 3 
a-Chymotrypsin + trypsin (each) 0.2 7 
Elastin 
Chymotrypsinogen 2.0 0 
Fast activated chymotrypsinogen 2.0 3 
Slowly activated chymotrypsinogen 2.0 0 
Trypsinogen 2.0 0 
Activated trypsinogen 2.0 2 
Albumin 
Fast activated chymotrypsinogen 2.0 1007 
Slowly activated chymotrypsinogen 2.0 1007 
Activated trypsinogen 2.0 100 


* Elastin was used at 18 mg. per tube, albumin at 17 mg. per 
tube. 
+t Hydrolysis was complete in less than 10 minutes. 





Fria. 3. Electrophoretic patterns of mixtures of elastase and 
chymotrypsin (migration from left to right). a, pH 6.5 after 240 
minutes at 5.1 volts per em.; mobility was +1.0 X 10-5 em.? volt=! 
sec.'. 6, pH 8.5 after 240 minutes at 5.0 volts per em.; mobilities 
were +0.37 X 1075 cm.? volt~! sec.~! for elastase and —0.13 & 10-5 
em.? volt! ' for chymotrypsin. c, pH 10 after 260 minutes 
at 4.6 volts perem.; mobilities were —0.32 X 10-° cm? volt~! see.-! 
for elastase and —1.4 X 107-5 em.? volt~! see.-! for chymotrypsin. 


sec. 


DISCUSSION 


The identity of the 20 to 50 per cent impurity in crystalline 


elastase is not known. It has an acidic isoelectric point, whereas 


Pancreatic Elastase 
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elastase is isoelectric near pH 9.5. As mentioned previously (1), 
the contaminant is extremely insoluble in water or buffers in the 
range of pH 5 to 8, and this insolubility is imparted to the crys- 
talline elastase. Homogeneous elastase is soluble in water at all 
pH values. Recrystallization of elastase does not remove the 
impurity, and probably it is this unique solubility relationship 
that permits the separation of elastase from chymotrypsin during 
the crystallization step. 

Our results show that elastase is enzymatically distinct from 
trypsin and the a-, B-, and 6-chymotrypsins. At 20 times the 
amount needed for significant hydrolysis of elastin by elastase, 
trypsin and the chymotrypsins were essentially inactive. Balé 
and Banga (11) and Grant and Robbins (12) have also reported 
the lack of elastolytic activity for trypsin and chymotrypsin, but 
quantitative differences were not presented. 

Naughton and Sanger (13) have recently described the action 
of elastase on the B-chain of insulin. Bonds involving serine, 
alanine, leucine, valine, and glycine were the main points of 
attack. This indicates a broader specificity for elastase than 
for chymotrypsin, which hydrolyzes tyrosine and phenylalanine 
linkages most rapidly. It is of interest to note that we found 
(1) crude papain, an enzyme with quite broad specificity, to have 
considerable elastolytic action. 

Hall (14) and Grant and Robbins (12) have made the im- 
portant observation that elastase is adsorbed by elastin at pH 
values where elastolysis is negligible. This, together with the 
finding by Grant and Robbins (12) that chymotrypsin is not 
adsorbed, indicates another difference between the two enzymes. 

Our electrophoresis data show still another difference. Elas- 
tase, trypsin, and chymotrypsin were found to have, at certain 
pH values, mobilities different enough to permit definite separa- 
tion. Trypsin could be separated from elastase and chymotryp- 
sin at all pH values tested. Elastase and chymotrypsin could 
be separated, but only under alkaline conditions. 

Keller et al. (2), during their studies of the chromatographic 
separation of the components of pancreatic juice, found only 
two proteins that had alkaline isoelectric points (chymotry psino- 
gen and trypsinogen). 
detected. It is significant that the chromatography was per- 
formed at pH 6, a pH at which elastase and chymotrypsin do 
not separate. 


The zymogen of elastase (15) was not 


The proenzyme of elastase and chymotrypsinogen 
may have failed to resolve if the same relationship holds for the 
zymogens as for their activated forms. However, it is not 
known with certainty that elastase has an individual zymogen. 
The possibility still exists that elastase is derived from chymo- 
trypsinogen by an unknown activation process, such as the 


combined action of endo- and exopeptidases. 


SUMMARY 


Additional data on the individuality of the enzyme elastase 
are presented. Electrophoretic and ultracentrifugal data are 
reported which indicate that purified elastase has a high degree 
of homogeneity. Elastase is shown to be enzymatically distinct 
from trypsin and the known chymotrypsins. Trypsin could be 
distinguished electrophoretically from elastase and a-chymo- 
trypsin at all pH values tested. Elastase and a-chymotrypsil 
could be separated only under alkaline conditions. 


Acknowledgment—We wish to thank Mr. John Ruscica for 
performing the electrophoretic analyses. 
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Glycerophosphate dehydrogenase, when crystallized from 
rabbit muscle, exhibits a spectrum which indicates the presence 
of a nonprotein constituent (la, 2). This grouping appears to 
be an integral part of the protein molecule. To ascertain the 
possible function of the grouping in the action of the enzyme, it 
was desirable to find methods for removing it, which would not 
result in denaturation of the protein. Charcoal treatment or 
dialysis under special conditions have been found to be suitable 
procedures. The protein alone, however, is equally active in 
catalysis of the reaction normally tested for with this enzyme. 

The possibility that the physical properties of the protein 
might change after removal of the bound grouping prompted an 
investigation of the molecular kinetic properties of the enzyme. 
A molecular weight for the enzyme had been reported (3) but 
our data do not agree with the earlier value. This paper pre- 
sents the results of our investigations on this crystalline enzyme 
from rabbit muscle. 


EXPERIMENTAL 


a-Glycerophosphate was purchased from the Bios Chemical 
Laboratories. Dihydroxyacetone phosphate was used as an 
equal molar mixture with 3-phosphoglyceraldehyde, prepared 
enzymatically from fructose diphosphate (4). Fructose di- 
phosphate was purchased from the Schwarz Laboratories. In 
those instances where aldolase activity was to be measured by 
coupling with a-glycerophosphate dehydrogenase, the inorganic 
phosphate in the preparation interfered seriously if any triose- 
phosphate dehydrogenase was present. This could be over- 
come by preparing the crystalline tricyclohexylammonium salt 
(5). 

2,3-Dimercaptopropanol, N-ethylmaleimide,! p-chloromercuri- 
benzoate, ethylenediaminetetraacetate, cysteine hydrochloride, 
glutathione, and iodoacetate were all commercial preparations 
used without additional purification, except that iodoacetic acid 
was recrystallized from carbon tetrachloride before use in order 
to remove traces of iodine. 

Deamino-DPN, DPN, TPN, and the following DPN ana- 
logues? (6) were purchased from the Pabst Laboratories: acety]- 


* Supported by the National Science Foundation, Grant No. 
G-5833. This has been reported in part in preliminary form (1). 

+ Investigator in The Howard Hughes Medical Institute. 

1 Generously supplied by Dr. L. W. Cunningham. 

?The abbreviations used are: BAL (British Anti-Lewisite), 
2,3-dimercaptopropanol. The DPN analogues used are: The 


pyridine-, deaminoacetylpyridine-, pyridinealdehyde-, and de- 
aminopyridinealdehyde analogues of DPN. The 4-(1-imid- 
azolyl)- and deamino-4-(1-imidazolyl)- analogues of DPN were 
prepared as described previously (7) and DPNH was made either 
chemically (8) or enzymatically (9) from DPN. 

Proteins—Crystalline ovalbumin! was prepared from egg white 
by Warner’s modification (10) of the ammonium sulfate method 
of Sgrensen and Hgyrup. Crystalline 6-lactoglobulin was 
purchased from the Nutritional Biochemicals Corporation. Most 
of the dehydrogenase used in the physico-chemical experiments 
was purchased from C. F. Boehringer and Sons, but some was 
prepared by the method of Beisenherz et al. (4). Several dif- 
ferent preparations were employed. 

Methods—Protein was estimated by the biuret method, either 
on a semimicro (11) or microscale (12) and crystalline ovalbumin 
served as a standard. 

Limited iodine oxidation for the determination of sulfhydryl 
groups was performed as described by Cunningham et al. (13). 

For the determination of the sedimentation constants the 
enzyme was equilibrated by dialysis with the buffers used. The 
optical system of the ultracentrifuge was equipped with a phase 
plate. Diffusion constants were determined in a_ synthetic 
boundary cell (14) with the use of the first moment method of 
calculating. It was also possible to measure the half-area from 
sedimentation runs with the leading half of the boundary and 
from this the diffusion constant could be obtained by the height 
area method. In either case the observed diffusion constant was 
corrected for the centrifugal field and time at which the boundary 
was established, with the use of the formula (15): 


Dapp (1 — w?st) = —(aD/t) + D 


where a isa constant. Similar results were obtained by the tw 
methods. 

The partial specific volume was determined by the density: 
gradient technique of Linderstrém-Lang and Lanz (16). 

The ammonium sulfate used in the sedimentation and di 








acetylpyridine- and pyridinealdehyde analogues of DPN, wher 
nicotinamide is replaced with 3-acetylpyridine and pyridine+- 
aldehyde; deamino-DPN, the deaminoacetylpyridine analogue 
DPN and the deaminopyridinealdehyde analogue of DPN, wher 
the adenine moiety is converted to hypoxanthine; and the 4-(/ 
imidazolyl)- and deamino-4-(1-imidazolyl)-analogues of DP 
where the para-position of nicotinamide is substituted with imid 
azole. Tris, tris(hydroxymethyl)aminomethane. 
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fusion measurements was recrystallized from a solution con- 
taining 500 mg. per liter of Versene (ethylenediaminetetraacetate) 
and 0.1 M sodium pyrophosphate. 

All determinations of the molecular kinetic properties were 
checked with ovalbumin and £-lactoglobulin as standards. We 
used as values for molecular weight of ovalbumin 45,000 (17) and 
of B-lactoglobulin, as monomer, 18,000 (18). 


RESULTS 


Effect of Mode of Isolation on Composition of a-Glycerophos- 
phate Dehydrogenase—The method of Beisenherz et al. (4) for 
crystallizing a-glycerophosphate dehydrogenase gives a prepara- 
tion which on repeated recrystallization gives constant specific 
activity and constant spectral characteristics. Beisenherz et al. 
actually recommend the addition of crude DPN as a source of 
nonprotein component. This is not necessary; most of our 
preparations were obtained without any additions. 

The method of Baranowski (la) requires previous preparation 
of Myogen A (20, 21), a mixed crystal from rabbit muscle. The 
yield in this method of preparation is poor, even though the final 
product appears identical with the other method of preparation. 
The reason for this poor yield became evident when it was ob- 
served that on repeated recrystallizations of Myogen A the 
aldolase specific activity became constant but the a-glycerophos- 
vhate dehydrogenase activity disappeared. This can be il- 
lustrated by the following data: In 16 Myogen A preparations 
the first recrystallized fractions had on the average a specific 
activity for a-glycerophosphate dehydrogenase* of 1815 and for 
aldolase of 28.9. After one recrystallization the averages be- 
came respectively 750 and 28.9. (Both are expressed as the 
change in optical density at 340 my per minute per mg. of 
protein. Aldolase was assayed as described by Baranowski (20, 
21).) It is obvious therefore that the dehydrogenase is not an 
integral part of Myogen A. However, crude Myogen A already 
shows an aberrant ultraviolet absorption spectrum, which ex- 
hibits a relatively high 260:280 ratio. This ratio is proportional 
to the a-glycerophosphate dehydrogenase content. 

It is also possible to alter the procedure described by Beisen- 
herz, by inserting a heating step after the first ammonium sul- 
fate precipitation. Heating this fraction for 15 minutes at 55° 
gives usually a 3-fold increase in specific activity. Proceeding 
then normally does not alter the final product. At any stage 
the enzyme preparation can be passed through a diethylamino- 
ethyl-cellulose column. The enzyme is not retained when ap- 
lied at pH values up to pH 8.0, but varying degrees of purifica- 
tion are obtained, depending on the stage of preparation at 
vhich this procedure is applied. 
product is observed. 

The component responsible for the spectrum of the enzyme 
preparation is therefore a part of the enzyme, or associated with 
i protein contaminant which behaves exactly like the enzyme 
throughout all types of purification procedures. 

The nonprotein component is not derived from chemicals used 
luring the purification in our laboratory, since enzyme purchased 
‘tom West Germany had identical spectral properties. 

Isolation of Nonprotein Component—The ultraviolet absorption 
spectrum of the enzyme is shown in Fig. 1A. That this devia- 


Again, no change in final 


‘Under our conditions, enzyme recrystallized to constant spe- 


rife activity has a specific activity of 89,000 units per mg. of pro- 
fein. 
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OPTICAL DENSITY 
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2380 270 290 250 270 290 310 


WAVE LENGTH WAVE LENGTH 

Fig. 1. Comparison between control enzyme and charcoal- 
treated enzyme. A. O——O, control enzyme, 200 ug. of protein 
perml. This solution was deproteinized with perchloric acid, 0.4 
M final concentration, to give the nonprotein component. The 
spectrum is given by A——A. It is adjusted to the original 
concentration, and read against a perchloric acid blank. The 
difference supposedly represents the apoenzyme, and is calcu 
lated to give the spectrum X----- x. B. @—®, charcoal- 


treated enzyme at 200 wg. per ml. This is compared with the 
computed spectrum: X ----- X of A. 


us 


230 310 


67 


EXTINCTION 








T i T 

260 280 300 
WAVELENGTH 

Fig. 2. The spectrum of the nonprotein component of a-glyc- 
erophosphate dehydrogenase. The protein was precipitated 
with 0.4 N perchloric acid, and removed by centrifugation. The 
supernatant was cautiously adjusted to pH 6.5 with KOH (6 n) 
and the KClO, was filtered off. The filtrate was evaporated to 
dryness. The residue was extracted with warm ethanol and the 
ethanol solution was applied to Whatman No. 4 chromatogram 
paper. The chromatogram was developed in butanol-acetic acid- 
water 200:75:30. The ultraviolet-absorbing spot was eluted with 
water. @——@, 0.1 n HCl; O——O, 0.1 n KOH. 


200 220 240 


tion from a typical protein spectrum is due to a nonprotein 
constituent can be demonstrated by the spectrum of a perchloric 
acid extract. The difference between the two spectra should 
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represent the spectrum of the protein moiety. Other protein 
precipitants like trichloroacetic acid, acid alcohol, or heat will 
also liberate this factor from the protein. 

The supernatant from any protein precipitant can be chroma- 
tographed on paper. Effective solvents proved to be butanol- 
acetic acid-water, 200:75:30 and ethanol-0.1 mM ammonium 
acetate, 75:30. The R,y in both solvents is at about 0.40. It 
was detected by its ultraviolet absorption on the paper. Elution 
from the paper gives a compound with a spectrum as shown in 
Fig. 2. 

With the size of the spot as a semiquantitative measure for the 
amount of nonprotein component there, there was at all stages 
of purification a correlation between activity and amount of 
material present. Myogen A fractions were especially suited for 
demonstrating this correlation. 

Effect of Varying pH and of Dialysis on Enzyme—Dialysis 
proved ineffective in removing the grouping, over the whole range 
of pH values studied, from pH 2.0 to pH 11.0. The enzyme 
activity is stable only in the pH range of 4 to 9 and the remaining 
activity versus pH shows the bimodal curve reported by Young 
and Pace (3). If cysteine is included in the dialysis medium, 


TaBie I 
Effect of coenzyme analogues on a-glycerophosphate 
dehydrogenase 
All reactions were carried out with the use of the standard as- 
say: 20 umoles of a-glycerophosphate, 1.5 umoles of coenzyme, 300 
pmoles of Tris, pH 9.3, in a final volume of 3.0 ml. When inhibi- 
tion was tested the same amount of coenzyme was used, except in 
the case where the 4-(1-imidazolyl)-analogue of DPN was tested 
as inhibitor; there 75 umoles were used. 





|«moles/min./ 


“oenz orc Z nalogue * 
Coenzyme or coenzyme a g mg. protein 


Relative rate 
| 


o 
Ci 


DPN ae 29.5 | 100 
Deamino-DPN......... oes ae 
Acetylpyridine-DPN.....................| 0.057 | 0.19 
Deaminoacetylpyridine-DPN........... 0.026 0.09 
Pyridinealdehyde-DPN . . | 0.058 | 0.20 
Deaminopyridinealdehyde-DPN | 0.022 | 0.075 
TPN .. Nan ye | 0 
4-(imidazolyl)-DPN.... | 0O 
Deamino-4-(1-imidazolyl)-DPN | 0 

DPN + acetylpyridine-DPN . | 24.0 | 81.4 
DPN + pyridinealdehyde-DPN. reed) ae | 75.9 
DPN + 4-(1-imidazolyl)-DPN.. ach oe | 101.7 





TaBLe II 
Effect of sulfhydryl reagents on glycerophosphate dehydrogenase 


The incubation mixture is the same as reported in Table I. The 
reaction was started with enzyme. The enzyme was the same 
preparation employed in Table I. 








Additions | Concentration | Rate | Inhibition 
M | Esso/min. | % 
We ski niaceccinnatsn: | | 0.112 | 
p-chloromercuribenzoate. ...... | 1X 10-* | 0.000 | 100 
p-chloromercuribenzoate...... 7 1X 10-5 | 0.007 93 
N-Ethylmaleimide............. | 1X 10-* | 0.000 100 
N-Ethylmaleimide............. 1X 10-* | 0.016 86 
eS) | 1X 10-* | 0.086 23 





a-Glycerophosphate Dehydrogenase 


Vol. 234, No. 9 


however, pH values above 8 remove the grouping from the 
protein, and also inactivate the enzyme. Dialysis at pH values 
below 4 in the presence of cysteine also inactivate the enzyme 
but no loss of the grouping occurs. 

Effect of -Charcoal—The grouping could be removed more 
reproducibly by charcoal treatment. The charcoal used wag 
Darco G-60 which had been washed with hot hydrochloric acid, 
After the acid treatment, the charcoal was washed several times 
with a Tris-Versene buffer (500 mg. per liter of Versene, 0.05 » 
Tris, pH 8.1). If either acid washing or treatment with Tris- 
Versene buffer is omitted, the enzyme is inactivated. In the 
latter instance, it can, however, be completely reactivated by 
Versene. 

Preparation of Charcoal-treated reproducible 
method of preparing the enzyme free from the bound group is as 
follows. To a solution of 10 to 20 mg. of enzyme per ml. in 
Tris-Versene buffer is added an equal volume of a charcoal 
suspension which contains 100 mg. of the washed charcoal per 
ml. The operation is carried out at 0° and the suspension is 
stirred mildly at intervals for one-half hour and then filtered by 
gravity. The filtrate contains between 80 to 90 per cent of the 
protein as judged by biuret reaction and has a spectrum as shown 
in Fig. 2B. This spectrum is in good agreement with that 
calculated from the difference spectrum between the original 
enzyme and the bound grouping. A supernatant after per- 
chlorie acid precipitation of the charcoal-treated enzyme has no 
residual absorption in the 260 my region. 

Catalytic Activity of Control or Charcoal-treated Enzyme—The 
charcoal-treated enzyme appears catalytically active, with a 
turnover number under the conditions tried of the same order of 
magnitude as the untreated enzyme. However, for full activity, 
as mentioned before, Versene has to be included in the reaction 
mixture at a concentration of 0.05 mg. per ml. As noted above, 
if the charcoal is not pretreated with Versene-Tris buffer, all 
activity is lost. If the charcoal is washed with Versene-Tris 
before use only about 50 to 70 per cent of the control activity 


Enzyme—A 


is lost. In either case Versene will nearly completely restore 
activity. (Cysteine dialyzed enzyme is not reactivated by 


Versene.) 

The relative activities of DPN analogues are unchanged. 
Table I compares the rate of glycerophosphate oxidation with 
different analogues. The control and charcoal-treated enzyme 
never varied more than 5 per cent. While the analogues are 
poor coenzymes, they are efficient inhibitors for both the control 
and charcoal-treated enzyme. The exception is the 4-(I- 
imidazolyl)-analogue of DPN, which is neither a coenzyme nor 
an inhibitor of consequence. The relative rates of glycerophos- 
phate oxidation or dihydroxyacetone phosphate reduction did 
not change when pyrophosphate was substituted for Tris buffer 
although the rates decreased by an average of about 20 per cent 

Effect of Sulfhydryl Reagents—Whereas the control enzyme 
has no requirement for Versene, the charcoal-treated enzymt 
does, indicating that heavy metals may inhibit the latter. For 
this reason the effect of sulfhydryl reagents was tested. Table 
II summarizes these studies. Again no difference betwee 
charcoal-treated and control enzyme could be detected. 

In view of the strong inhibition of these reagents, however, ! 
was of interest actually to titrate the enzyme with p-chlorw 
mercuribenzoate. The results of this titration are shown in Fig 
3. One mole of p-chloromercuribenzoate per 87,000 gm. 
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Fic. 3. The effect of p-chloromercuribenzoate (pCMB) on a- 
glycerophosphate dehydrogenase. A series of tubes was set up, 
containing 780 ug. of enzyme, 45 wmoles of pyrophosphate buffer, 
pH 7.6, and graded amounts of p-chloromercuribenzoate, ranging 
up to 4.8 mumoles per tube. Final volume 1.0 ml. After incuba- 
tion for 1 hour at 37°, an aliquot was diluted 10-fold and 0.02 ml. 
was assayed for residual activity in the standard assay system 
(see Table I). 

With the use of the intercept at 100 per cent inhibition as 1 


mole of enzyme we get a molecular weight on p-chloromercuri- 
benzoate titration of 87,000. 


cates a strong inhibition by —SH reagents and suggests a minimal 
molecular weight of 87,000. 

The total sulfhydryl content of the protein was estimated by 
limited iodine oxidation as described by Cunningham (13). The 
(native) enzyme before charcoal treatment reacted with 7.6 
equivalents of iodine, and after charcoal treatment reacted with 
4.3 equivalents. Ovalbumin and £§-lactoglobulin, under the 
same conditions, reacted with 6.12 equivalents and 1.95 equiv- 
alents per mole of protein. Since ovalbumin has three sulfhydry] 
groups in the native form (four after denaturation) and B- 
lactoglobulin has one —SH group per monomer, it may be that 
one —SH group represents 2 equivalents of iodine. Therefore 
the difference between native and charcoal-treated enzyme, 3.3 
equivalents, may represent two —SH groups. The lower value 
for sulfhydryl groups on the charcoal-treated enzyme cannot be 
the result of metal binding, since iodine will replace metals from 
—SH groupings. It may be the result of iodine uptake of the 
bound grouping, however. 

The nonprotein component can be isolated and purified by 
perchloric acid precipitation of the protein (0.4 n final acid 
concentration), neutralization of the supernatant solution with 
KOH, and paper chromatography of this solution. Prepara- 
tions so obtained show iodine uptake under the conditions at 
which the iodine uptake of the protein solution is measured. It 
is likely that this iodine uptake is also a property of the sub- 
stance when bound to the protein. 

Estimation of Molecular Weight—The study of the physical 
properties of charcoal-treated and control enzyme showed that 
both had a sedimentation constant of 4.9 x 10~ (Fig. 4) which 
was Only slightly influenced by concentration. The conditions 
and buffers used for both sedimentation and diffusion are de- 
scribed in Fig. 4. 

The diffusion constant, of some uncertainty due to the method 
of determination, was estimated to be 5.1 + 0.2 x 10-7 em. per 





J. van Eys, B. J. Nuenke, and M. K. Patterson, Jr. 














2311 
a 
° 
a 8) x 8 
2 3 
x < 
Do 
5 67 2 674 
a © 
be + oO 
” =z ee eee 
s re) 
o 4 7 
zZ : 
3 uJ 
5S 24 = 24 
re ray 
re ww 
= ” 
T "T — —_ T _s T 
5.0 10.0 15.0 20.0 5.0 10.0 15.0 


PROTEIN CONCENTRATION (MG/ML) 


Fig. 4. The extrapolation of the diffusion and sedimentation 
constants to infinite dilution. The different points represent dif- 
ferent experiments, as follows: @, control enzyme, and O, char- 
coal-treated enzyme in 0.32 mM ammonium sulfate; ©, control 
enzyme, and A, charcoal-treated enzyme in maleate buffer. The 
maleate buffer had the following composition: 0.1 m maleic acid, 
0.15 m sodium chloride, and pH adjusted with sodium hydroxide 
to6.28. Furthermore, both the maleate buffer and the ammonium 
sulfate contained 500 mg. per liter of Versene. It was assumed 
that the Versene at this concentration did not alter the viscosity 
and density of the buffers used. 





Fic. 5. Top: Ultracentrifugation pattern of the control enzyme. 
The buffer used is 0.32 M ammonium sulfate, 500 mg. per liter in 


Versene. Protein concentration 16.0 mg. per ml. Centrifuga- 


tion at 59,780 r.p.m. Interval between frames 8 minutes. ‘Bar 
angle’’ 55°. 
Bottom: Diffusion run in synthetic boundary cell. Charcoal- 


treated enzyme. The buffer used is 0.32 m ammonium sulfate, 
500 mg. per liter in Versene. Centrifugal speed 13,410 r.p.m. 
Interval between exposures, 1 hour. Protein concentration 4.9 
mg. per ml. ‘Bar angle’’ 45° and 30°. 
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Fic. 6. The binding of DPNH to a-glycerophosphate dehy- 
drogenase. The experiment was done as follows. In a 3-ml. test 
tube were introduced 1.5 ml. of the desired amount of DPNH in 
0.1 m phosphate buffer, pH 7.5. In this solution was placed a 
pencil dialysis bag containing 0.1 ml. of a solution which contained 
about 0.5 mg. of the enzyme. In this dialysis bag was further 
placed a glass rod to spread the protein thinly over the inside 
surface of the dialysis bag. The bag was left open to the air at 
the top. Mild shaking overnight at 4° was assumed sufficient to 
attain equilibrium. Controls with only buffer in the dialysis 
bag and DPNH established this point and showed that there was 
no significant absorption of DPNH on the dialysis bag. 

After equilibration the remaining DPNH in the outside solution 
was estimated by the 340 my absorption. 


second. This latter value did not appear to vary with concen- 
tration. Typical sedimentation and diffusion patterns are 
shown in Fig. 5. 

The partial specific volume was found to be 0.70. Thus the 

molecular weight, from the formula 

M = RTs/D(1 — 35), 
is calculated to be 78,000, which is fair agreement with the figure 
arrived at from p-chloromercuribenzoate titration. When one 
uses Oncley’s formula (19) for the frictional ratio from the 
sedimentation, diffusion, and partial specific volume, the result 
is f/fo = 1.44. 

Coenzyme Binding—The estimation of binding of DPN by the 
ultracentrifugal separation technique gave difficulties due to the 
relatively low molecular weight of the enzyme. For this reason 
equilibrium dialysis was used primarily. Under either condi- 
tion, however, a large number of DPNH molecules are bound, 
apparently nonspecifically. In Fig. 6, the ratio 7, i.e. coenzyme 
bound per mole of enzyme, is plotted as a function of 7/(free 
DPNH). On the assumption that two types of sites are present, 
all independent, and equal within each of the two groups, the 
formula 


= -(K + koe) + (m +n) 
Ce Cr 
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applies, which at low concentrations of C; simplifies to: 


| 


~K;"- 


j= 


~ 


" 
is oe 
f 


In this formula 7, and 72 are the moles of DPNH bound per 
mole of enzyme for the two binding site groups, m and n stand 
for the maximal number of moles of DPNH which can be bound 
in each group, and K, and K2 stand for the association constants 
of DPNH for each group of binding sites. C; represents free 
coenzyme concentration. With the use of this approach we find 
a total binding of DPNH of 33 moles per mole of enzyme, of 
which 31 are bound nonspecifically, with a dissociation constant 
of K! = 6.0 X 10-4, and a specific binding of 2 with a dis- 
sociation constant K, 1.8 xX 10-*. However, in view of 
the strong and multiple binding the value is uncertain and the 
moles of DPNH bound per mole of enzyme can range from | to3 
according to the data. 

Effect of BAL on Enzyme—lIt has been shown previously that 
BAL is an inhibitor of the enzyme by virtue of ternary complex 
formation (22). Under the standard conditions of assay the 
control enzyme and charcoal-treated enzyme were inhibited 
identically. A BAL concentration of 5 <X 10-4 m inhibits 35 
per cent at a-glycerophosphate concentrations of 2 X 10-3 m and 
16 per cent at a-glycerophosphate concentrations of 6.7 x 10° 
M. A Lineweaver-Burk plot (23) of such data established the 
competitive inhibition between BAL and a-glycerophosphate. 

A ternary complex between pyridinealdehyde-DPN, BAL, and 
enzyme could again be demonstrated. Since the molar ratio of 
complex per mole of enzyme was of the order of one per mole, 
no attempt at an accurate determination was made at this time 
in view of the paucity of enzyme available for this purpose. No 
obvious differences in inhibition or ternary complex formation 
by BAL between charcoal and control enzyme were apparent in 
this system. 


DISCUSSION 


The results presented leave three possibilities open with re- 
gard to the nonprotein component of the enzyme. First, it is 
possible that it represents a contaminant of the protein. This 
seems unlikely, since variation of the mode of isolation of the 
enzyme always yields the same product, and the amount 0 
nonprotein component at different stages during isolation i 
proportional to the enzymatic activity. 

Furthermore, the compound is not limited to one species. By 
modifying the isolation procedure of Beisenherz et al. it is pos 
sible to isolate crystalline a-glycerophosphate dehydrogenas 
from monkey muscle (Macaca (Cynamolgus) irus). The spec 
trum of this enzyme and of the nonprotein component appeal 
identical with that from the rabbit enzyme. Furthermore, th 
nonprotein component behaves chemically and chromate 
graphically identical with that isolated from the rabbit. Par 
tially purified a-glycerophosphate dehydrogenase from yeast als 
contains the material, apparently associated with the sam 
activity. 

Secondly, it is possible that it has a function which is m0 
connected with the catalytic properties of the protein as 
currently understand them. This could indicate that there is§ 
second function, at present unknown, for the protein, or that th 
function of the protein is altered in a complete metabolic syste 
Thirdly, it is possible that there is a catalytic function, whit 
can be wholly replaced by Versene. Thus the factor woul 
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represent a naturally occurring chelator. While this latter 
possibility appears less likely, it must be recognized that there 
are cases where artificial substances will replace naturally oc- 
curring substances. Thus menadione is as active as vitamin K 
(24); certain ascorbic acid analogues will replace ascorbic acid 
(25); and more strikingly, acetylthioethanolamine derivatives 
will replace corresponding coenzyme A derivatives (26) in many 
enzymatic reactions. 
No decision can be made between the second and third pos- 
sibilities. It would be of great value to know the structure of 
this nonprotein component. However, experiments to date 
indicate that it is different from any known nucleotide or co- 
enzyme considered. Studies of this problem are in progress. 
No reason can be given for the discrepancy between the 
previously reported molecular weight and the one reported in 
this paper. The only serious difference lies in the sedimentation 
constant, since our diffusion constant of 5.1 xX 10-7 and partial 
specific volume give a frictional ratio similar to the one obtained 
by Young and Pace, i.e. f/fo = 1.44 as compared to f/fo = 1.4 
(3). Also, the partial specific volume is not different, taking 
into account the figures reported by Young and Pace (3). It is 
possible that dimer formation may have occurred in the ultra- 
centrifuge under the conditions reported previously. The 
molecular weight of 173,000 determined by Young and Pace was 
based on sedimentation velocity, frictional ratio, and partial 
specific volume. 
The high affinity of the enzyme for DPNH as compared to 
most other dehydrogenases makes unreliable the estimate of the 
moles of coenzyme bound per mole of enzyme. The nonspecific 
binding of reduced DPN is reminiscent of the behavior of yeast 
alcohol dehydrogenase. Normally this enzyme binds 4 moles of 
DPN (27, 28) (the figure of 5 has also been given (29)), but 
the enzyme crystallized with excess zine (30) will bind many 
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times this amount (29). Unfortunately, DPNH does not show 
a spectral shift when bound to glycerophosphate dehydrogenase, 
as some other enzymes do (22), to aid in estimating the binding 
stoichiometry. 


SUMMARY 


Crystalline a-glycerophosphate dehydrogenase from rabbit 
muscle contains a bound nonprotein component which may be 
removed by charcoal treatment or by dialysis at alkaline pH in 
the presence of cysteine. 

The charcoal-treated enzyme has the same catalytic activity 
and molecular weight as does the control enzyme, provided 
Versene (ethylenediaminetetraacetate) is present. The enzyme 
has a sedimentation constant of 4.9 x 10-", a diffusion constant 
of 5.1 X 10-7 and a partial specific volume of 0.70. From these 
data the molecular weight is calculated to be 78,000 and the 
frictional ratio 1.44. 

The enzyme is strongly inhibited by —SH reagents; approxi- 
mately 1 mole of p-chloromercuribenzoate per mole of enzyme 
destroys activity. 

Reduced diphosphopyridine nucleotide-binding studies suggest 
a large number of moles bound per mole of enzyme, most of 
which are bound weakly, with about 2 moles per mole bound 
specifically. 

The charcoal-treated enzyme reacts with less iodine than does 
the control enzyme. The nonprotein component, however, 
shows reactivity with iodine. 

The findings are discussed with respect to the function of the 
grouping on the enzyme. 
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Since the publication of a short communication (1) 4 years 
ago on the binding of sulfate and phosphate to salmine, consider- 
ably more information concerning the nature of the molecule is 
available (2-4). We now present the results of a direct deter- 
mination of the anion-binding characteristics of salmine, and, in 
light of the physical and analytical properties, a scheme to ac- 
count for the fact that out of 18 to 19 positive groups there are 
six binding sites with very high affinity for anions, the remaining 
groups having much lower binding constants. 


EXPERIMENTAL 


The salmine used in these studies was purified as the sulfate 
by the cold precipitation procedure described in Paper I (2). 
The binding behavior of salmine prepared directly from ripe 
sperm is identical with that of the two commercial samples we 
have used (Krishell' and Merck, Sharp and Dohme’); hence, 
these three sources have been used indiscriminately. Salmine 
chloride was prepared by passing a water solution of the sulfate 
through an IRA-400* column in the chloride form. The prep- 
aration of salmine thiocyanate proved to be more troublesome: 
passing the sulfate through an IRA-400 column in the thio- 
cyanate cycle gave a product which showed a qualitative test for 
sulfate (BaCl.), and which analyzed for 14.5 per cent thiocyanate 
instead of the theoretical 21 per cent. Subsequent preparations 
were made by treating the salmine sulfate with an equivalent 
amount of Ba(SCN)>s, removing the precipitated BaSO,, and 
passing the remaining solution through the IRA-400 column in 
the thiocyanate cycle. This gave a product free from sulfate, but 
it contained a slight, known excess of thiocyanate, which was 
accounted for in the binding calculations. Table I summarizes 
the composition of the salmine salts used in this study. 

Concentrations were determined by dry weight, Kjeldahl] ni- 
trogen, or the refractometric method described by Svensson and 
Odengrim (5). Salmine concentrations were varied from 
0.0758 X 10-* to 7.28 X 10-* m (0.036 to 3.77 per cent) and total 
anion concentrations from 0.0014 to 0.24 m. 

Binding of the anions was measured by the method previously 
described (6, 7) in a cell equipped with a semipermeable collodion 


1 Krishell Laboratories, Inc., Portland, Oregon. 

2 Merck, Sharp and Dohme, Division of Merck and Company, 
Inc., Philadelphia, Pennsylvania. 

’ Rohm and Haas Company, Philadelphia, Pennsylvania. 
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membrane made selective to anions by the incorporation of | 
polyvinyl-N-methylpyridine (8). 
The cell used in these measurements was constructed from two 
lucite blocks (Fig. 1). It differs from cells described previously | 
(6, 7) in having smaller fluid sample compartments, a more con- 
venient filling and rinsing arrangement, and liquid junctions in 
stopcocks making agar bridges unnecessary. Matching holes of | 
about 1 ml. capacity were milled into the face of each block and | 
additional holes were drilled to serve as connectors to the solu- 
tion containers and to the three-way stopcocks necessary for 
flushing the chambers and for connecting by means of liquid junc- 
tions to the saturated calomel electrodes. The two blocks were 
clamped together with the membrane placed between the match- 
ing holes to form a two-compartment cell. Potentials were 
measured with a vibrating reed electrometer connected to a | 
Brown recorder. 
With a cell of this type, the activity of the anion of a salmine 
salt is determined as follows. With a salmine sulfate solution of 
known concentration in one compartment of the cell, various 
concentrations of potassium sulfate are rinsed into the other 
compartment, and the potential difference across the membrane 
is measured for each known salt concentration. Voltages of the} Fic. 1. D 
order of 1 to 2 mv. above and below zero are recorded, corrected | 
for the measured cell asymmetry of about 0.1 mv., and then! where >, 
plotted against the logarithm of the known salt concentration} maximun 
The intercept at zero voltage gives the activity of the sulfate} ciation ¢& 
ion in the salmine compartment. A series of measurements i} respective 
made on successive dilutions of the salmine salt, and also with} and hydr 
known quantities of neutral salt added to the salmine solution. } made at f 
RESULTS were in th 
the term | 
The results of the measurements are summarized in Table Il expression 
and the experimental points of Fig. 2. Over a wide range 0 
total anion concentration, the number of anions bound is about 
six per molecule of salmine; this is true both for mono- and di- 
valent anions. Assuming that these six sites constitute a set, al) 
evaluation of the apparent intrinsic association constant for the Curve 1 
binding of anions to this set can be made from the experimental 3600 and 1 
data by the use of the following equation: rected with 
k’acan a Owen 
mA = " ( 9 aman 
1 + Baca + — e chlorid 
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TABLE I 


Analyses of salmine salts 











, 


Calculated Found 

Salmine sulfate 

seine ; ; 6.01 5.82 

N ae iced 24.80 24.80 
Salmine chloride 

Cl a ae , 13.96 13.33 

| ee ; 0 <0.1 

a ee J 26.05 26.30 
Salmine thiocyanate 

SCN 21.00 22.30 

SO, . 0 <0.1 

N 28 .97 29.13 

KNOWN 
SAMPLE SOLUTION 
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Fic. 1. Diagram of membrane cell for measurement of ion-binding 


where J, is the average number of anions per mole bound to a 
maximum of n sites in the set with the apparent intrinsic asso- 
ciation constants k’, and k’y for the anion and hydrogen ion 
respectively, at the concentrations ca and cy of the free anion 
and hydrogen ion respectively. Since the measurements were 
made at a pH at which all of the guanidine groups of arginine 
were in the form of the positive guanidinium ion, we may ignore 
the term 1/k’ncu and reduce Equation 1 to the familiar binding 
expression : 


af aCan 


ia 1 + k’sca 


(2) 

Curve 1 of Fig. 2 was calculated from Equation 2 with k’, = 
3600 and n = 6. The concentrations of chloride ion were cor- 
rected with the values of the activity coefficients given in Harned 
and Owen (9). The same activity coefficients were used for the 
thiocyanate ion. Thus, the apparent association constant for 





the chloride and thoicyanate ions has a minimal value of 3600. 
The constant for the sulfate ion is larger than that for the chlo- 





M. J. Callanan, and H. A. Saroff 























2315 
TABLE II 
Anion distributions in salmine solutions 
~~ Total anion concentration Net 
concentra- _ paomieeesinanniabited wevnsnnmingnnbeenaaiiiti Free anion Pa | charge on 
_ Chloride |Thiocyanate Sulfate | salmine 
mM X 108 M M M M - 
0.0758 0.00142 0.00109 | 4.3 14.4 
0.227 | 0.00424 0.00296 | 5.7 | 13.0 
0.686 | 0.01283 0.00858 | 6.2 12.5 
2.05 0.0383 0.0253 | 6.3 12.4 
2.14 0.0400 0.0265 6.3 12.4 
2.14 0.0902 0.0767 6.3 2 
2.14 0.241 0.2290 5.9 12.8 
0.097 0.00181 0.00131 | 5.2 13.5 
0.810 0.01515 | 0.00990 | 6.5 2.2 
2.428 | 0.0454 | 0.0294 | 6.6 | 12.1 
1.2% | 0.1361 0.0860 | 6.9 8 
0.219 0.00205 | 0.00068 | 6.3 | 6.1 
0.491 | 0.00459 | 0.00157 | 6.2 | 6.3 
1.473 0.01377 | 0.00410 6.5 | 5.7 
2.19 | 0.0200 | 0.00542 | 6.8 5.1 
| | 
2.10 | 0.0231 | 0.00901 | 6.8 | 5.1 
2.02 0.0261 | 0.0126 6.8 | 5.1 
1.86 | 0.0322 | 0.0199 6.8 | 5.1 
0.996 | 0.0612 | 0.0381 | 7.1 | 4.5 
1 1 
10 r r ey ——a- 
A | Vs, 
gt A +2 SECOND 
Me io ho | SET 
- 6 a ee —_—— 40 
uv ew 
A oe | 
FIRST * 
SET 4 i” . 
4 | 
i 
ar7 
10) 4 r i 
40 -30 -2.0 “1.0 fe) 
LOG Cp 


Fic. 2. Binding of chloride (@), thiocyanate (@), and sulfate 
(©) ions to the salmine cation. Curves 1, 2, and 8 calculated from 
Equation (2) with the following values: Curve 1, n; = 6 and k’, = 
3600; Curve 2, ne = 12 and k’a, = 1; Curve 3, ne = 12 and k’a, = 5. 


ride and thiocyanate ion but cannot be evaluated more precisely 
from our data. However, the value n = 6 for the first set of 
sites is the same for all three anions.‘ 

With such very large association constants, the binding is 
effectively the same on a molar basis for all the anions studied. 
This results in a net charge of +12 for the salmine cation when 
monovalent anions are used, but only +6 when divalent sulfate 
is the counter ion. (See last column of Table II.) 

There are 18 to 19 arginine residues per 4070 gm. of salmine 
(2). All of these are potential binding sites for anions. While 
the chloride and thiocyanate ion data were used to evaluate the 


‘ We assume that there are six sites comprising the first set for 
all three anions. The data for the chloride ion indicate that this 
is reasonable, but there may be more than one set for the thio- 
cyanate and sulfate ions such that the sum of the sites totals six. 
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binding constant for the first set of six sites, we hoped that the 
sulfate and thiocyanate data would permit the evaluation of 
the constants for the next 12 to 13 sites. The solubility of the 
salmine salts as well as the precision of measurement limited the 
range of data at higher free anion concentrations. With the 
limitation of fit that was imposed by the 7 values of only 7, the 
Curves 2 and 3 of Fig. 2 were calculated from Equation 2 for a 
second set of sites with the values nz = 12 and k’,, = 1 and 
the values nz = 12 and k’,, = 5 respectively. The binding of 
thiocyanate and sulfate to the second set when added to the 
binding to the first would thus give the value of about 7 in 7 
found at log c = —1 to —2.5. The corresponding constant for 
the chloride ion appears to be small enough so that the second 
set would show no binding until the value of log c approached 
zero or greater. 
DISCUSSION 

Let us assume that salmine, known to be heterogeneous, is a 
collection of closely similar molecules containing 18 to 19 ar- 
ginine residues and 8 or 9 neutral amino acid residues per mole 
of 4070 gm. The justification for postulating a collection of 
molecules deviating very little from the average composition lies 
only in the fact that numerous attempts at fractionation have 
been unsuccessful. Perhaps supporting evidence is given by 
the similar results of amino acid composition determinations on 
samples from very different sources and methods of preparation. 

Given this relatively restricted composition and size which re- 
quires some clustering of arginine residues, one of the simplest 
arrangements of the amino chain to give six strongly binding 
sites for anions consists of alternating triplets of arginine residues 
with singlets or pairs of neutral residues. A structural model 
built on this scheme shows that the guanidinium ions of the 
three adjacent arginine residues can actually be brought into 
close approximation and thus would have a very high electro- 
static affinity for an anion. Looking at it another way, an anion 


Physical and Chemical Properties of Protamine. 


II Vol. 234, No. 9 
can be shared by the three guanidinium ions, reducing their 
affinity for additional anions by a considerable factor. Six such 
groups of three arginines explain our finding of six sites with 
very high association constants, the remaining sites with con- 
stants ranging in value from about 1 to 5 for the thiocyanate and 
sulfate ions and with a value for the chloride ion too low to be 
measured by our technique. 

It will be noted that such a model is similar to one proposed by 
Wilkins (10) on the basis of x-ray diffraction data and the re- 
quirement that the distance between arginine residues fit the 
spacing between phosphates in the nucleic acid double helix, 
Wilkins suggests that there could be four arginine residues sepa- 
rated by pairs or triplets of neutral amino acid residues. 
model with triplets of arginines separated by single or pairs of 
neutral residues is dictated by the anion binding results, the 


amino acid composition, and the results of Monier and Jutisz | 
(11) who report no peptide from salmine containing more than | 


two successive neutral amino acid residues. We have felt it 
desirable to report on the binding behavior of salmine, since it 
provides such a remarkable example of specific site binding ap- 
parently based on a specific structural arrangement of the charged 
groups in the molecule. 


SUMMARY 


The salmine cation, with 18 to 19 potential sites for anions, is | 


shown to have six sites with apparent intrinsic association con- 
stants of 3600 or more for chloride, thiocyanate, and sulfate, 
The remaining 12 sites have association constants in the neighbor- 
To account for this remarkable example of 
specific site-binding, a model is proposed which groups the ar- 


hood of 5 or less. 


ginine residues in six clusters of three residues each, separated 
by single or pairs of neutral amino acid residues. 


Acknowledgment—It is a pleasure to acknowledge the valuable 
technical assistance of Mrs. Juanita Healy in this work. 


REFERENCES 


1. CALLANAN, M. J., Carroui, W. R., anp MitTcHELL, E. R., 
Biochim. et Biophys. Acta, 18, 461 (1955). 
2. CALLANAN, M. J., CarRRo.Li, W. R., AnD MITCHELL, E. R., 


J. Biol. Chem., 229, 279 (1957). 
3. Puttups, D. M. P., Biochem. J., 60, 403 (1955). 


4. Scangs, F.8., anp Tozer, B. T., Biochem. J., 68, 282 (1956). 

5. Svensson, H., AND OpENGRIM, K., Acta Chem. Scand., 6, 720 
(1952). 

6. Lewis, M.S., anp Sarorr, H. A., J. Am. Chem. Soc., 79, 2112 
(1957). 

7. Sarorr, H. A., AnD Heaty, J. W., J. Phys. Chem., 63, in press. 


8. GorrLerB, M. H., Netrnor, R., anp Souuner, K., J. Phys. 
Chem., 61, 154 (1957). 

9. HarRneD, H. S., AND OweEN, B. B., Physical chemistry of elec- 
trolytic solutions, Reinhold Publishing Corporation, New 
York, p. 498, 1958. 

10. Wivkins, M. H. F., Cold Spring Harbor symposia on quantita- 
tive biology, Vol. 21, Long Island Biological Association, 
Cold Spring Harbor, Long Island, New York, 1956, p. 75. 





Tue Je 
\ 





Our | 


In a 
sequen 
The pr 
are fort 
were fc 
+ action « 

The 
| amino ; 
sequenc 
this pey 
hydrocl 
from th 


Preps 
Peptide 
sin was 

Dilute 
sin dige: 
respect 1 
or pepti 
hours. 
moved b 
of the a 
residues 
| trophore: 


t 
| 


\ Partia 
or dilute 
HCl (ap) 
the mixt 





11. Monier, R., anv Jutisz, M., Biochim. et Biophys. Acta, 16, 62 | and acid 


(1954). 


residues 
trophores 
Paper 
temperatt 
acetic aci 
| ma. per 


all cases. 


* Prese: 
American 
Jersey, Ay 

tA por 
Research 
National ] 

t From 
eases. 
§Visitir 





Seience, R 











ap- | 


iS, is 
con- 
fate. 
\bor- 
le of 
e ar- 
rated 





uable 





Phys. | 


of elec- 
, New 


antita- 
iation, 


_ 75. 


, 15, 62 





Tue JouRNAL OF BroLogicaL CHEMISTRY 
Vol. 234, No. 9, September 1959 
Printed in U.S.A. 


Thrombin-induced Formation of Co-fibrin* 


lil. ACID DEGRADATION STUDIES AND SUMMARY OF SEQUENTIAL EVIDENCE ON PEPTIDE A 


J. E. Foux,t Jutes A. GLapner,t anp Y. Levin§ 


From the National Institutes of Health, United States Public Health Service, Bethesda, Maryland 


(Received for publication, May 1, 1959) 


In a preceding paper of this series (2) the partial amino acid 
sequences of Peptides A and B of co-fibrin have been reported. 
The preliminary sequences of these two acidic peptides, which 
are formed by the action of bovine thrombin on bovine fibrinogen, 
were formulated from peptide fragments obtained through the 
action of trypsin or chymotrypsin. 

The present paper describes the elucidation of the complete 
amino acid sequence of one of these peptides, Peptide A. This 
sequence was derived from fragments formed by treatment of 
this peptide and its chymotryptic digestion products with dilute 
hydrochloric acid, and from the di- and tripeptides which result 
from the partial acid degradation of several of these fragments. 


EXPERIMENTAL 


Preparation, dialysis, stock solution composition and storage of 
Peptide A have been described (2, 3). Digestion by chymotryp- 
sin was carried out as previously outlined (2). 

Dilute Acid Treatment—Solutions of Peptide A, or chymotryp- 
sin digestion products AC-1 and AC-2 (2) were made 1 n with 
respect to hydrochloric acid (approximately 4 to 6 mg. of peptide 
or peptide fragment per ml.) and were incubated at 37° for 18 
hours. Nearly all of the water and most of the acid were re- 
moved by a stream of air at room temperature and the remainder 
of the acid was removed over P,O;-KOH in a vacuum. The 
residues were dissolved in water and subjected to paper elec- 
trophoresis. 

Partial Acid Degradation—Peptide fragments from enzymatic 
or dilute acid treatment of Peptide A were dissolved in 11.7 N 
HCl (approximately 1 umole of peptide fragment per ml.) and 
the mixtures were incubated at 37° for 72 hours. The water 
and acid were removed as in dilute acid treatment above and the 
residues were dissolved in water and subjected to paper elec- 
trophoresis. 

Paper electrophoretic separations were carried out at room 
temperature on Whatman No. 3MM paper with a collidine- 
acetic acid buffer (4) of pH 6.8 for 2 hours. A steady current of 
| ma. per em. of width of paper gave satisfactory separation in 
all cases. 


*Presented in part before the 43rd Annual Meeting of the 
American Society of Biological Chemists in Atlantic City, New 
Jersey, April 13 to 17, 1959 (1). 

t A portion of this work was completed during the tenure of a 
Research Associateship, American Dental Association, at the 
National Institute of Dental Research. 

tFrom the National Institute of Arthritis and Metabolic Dis- 
eases, 

§ Visiting scientist on leave from the Weizmann Institute of 
Science, Rehovoth, Israel. 
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The phenylthiohydantoin method of Edman (5) was used for 
amino terminal (N-terminal) residue and sequence identification. 

Examination of peptide fragments for carboxyl terminal 
(C-terminal) residues was carried out with Carboxypeptidases A 
and B as outlined previously (2). 

Paper chromatograms were prepared with a two-dimensional 
system (6). A 0.5 per cent ninhydrin in acetone reagent was 
used for the location of amino acids and peptide fragments on 
paper chromatograms and electrophoresis strips. 

Complete acid hydrolysates were prepared by digestion of pep- 
tide fragments at 105° in sealed tubes with 6 n HCl for 18 hours. 

Quantitative amino acid analyses were carried out by ion ex- 
change chromatographic methods outlined previously (2). 

RESULTS 

A proposed amino acid sequence of Peptide A is presented in 
Fig. 1 along with a summary of the data leading to this sequence. 

Dilute Acid Treatment—A diagram showing the paper electro- 
phoretic separation of the products of dilute acid treatment of a 
mixture of peptide fragments AC-1 and AC-2 is shown in Fig. 2. 
AA-2, formed from Peptide A, moves to a position identical to 
that occupied by AAC-1, shown in Fig. 2. The products of 
dilute acid treatment, AA-1, AA-2, AAC-1, and AAC-2 were 
isolated in practically quantitative yield. No appreciable 
amounts of other peptide materials were formed during the dilute 
acid treatment. In Table I are given the mole ratios of the com- 
ponent amino acids in each of these fractions as calculated from 
quantitative amino acid analyses. 

In contrast to the usual blue, grey, or purple ninhydrin color 
displayed by most peptides, AA-2, AAC-1, and AAC-2, each 
gave a very light yellow color which was not intensified by treat- 
ment with steam and which, unlike the color of free proline, 
showed no fluorescence under ultraviolet light. The N-terminal 
sequence in each of these three peptide fragments was identified 
as prolylprolylserine. The average yields of proline, proline 
and serine phenylthiohydantoins from these peptides were 70, 
85, and 50 per cent, respectively. Valylarginine was identified 
as the C-terminal sequence of AA-2 by the use of Carboxypep- 
tidase B followed by Carboxypeptidase A. Phenylalanine alone, 
and leucine and phenylalanine were identified following the re- 
action of Carboxypeptidase A with fragments AAC-1 and AAC-2, 
respectively. 

Glutamylaspartic acid was identified as the N-terminal se- 
quence of fragment AA-1 with 65 and 55 per cent yields of glu- 
tamic acid and aspartic acid phenylthiohydantoins, respectively. 
Fragment AA-1 remained unchanged as observed from its elec- 
trophoresis pattern and no free amino acids were released even 





2318 


Proposed sequence 


Amino Acid Sequence of Peptide A. 


III 


Vol. 234, No. 9 


1 
Glu. Asp.Gly.Ser. Asp. Pro. Pro.Ser.Gly. Asp. Phe. Leu. Thr.Glu.Gly.Gly.Gly. Val. Arg 











| 
| ; 
‘ AC-1 ri« AC-4 
Chymotrypsin ; 
\ . AC-2 — AC-3 ‘ 
Dilute acid treatment < AA-1 le AA-2 


45 


AAC-2 





N-terminal sequence (PTH) Glu.Asp 
Carboxypeptidase A 
Carboxypeptidase B 
Glu. Asp 
Partial acid degradation Gly (Ser, Asp) 


Ser. Asp 


Pro. Pro.Ser 


Leu. Thr 


Fic. 1. Summary of data leading to the amino acid sequence of Peptide A 


- ORIGIN + 
‘ 


vn 











AA-! AAC-! AAC-2 
L + —— 
15 re) 5cm. 


Fig. 2. Drawing of ninhydrin-developed paper electrophoretic 
strip showing separation of the components from a dilute acid- 
treated mixture of peptide fragments AC-1 and AC-2. See text 
for experimental conditions. 


TABLE I 


Mole ratios of amino acids in Peptide A and Peptide A fragments* 














| Fraction 
Amino acid residue | —- - - 
| AA-t | AA-2 | AAC-1| AAC-2 [Peptide At 
Aspartic acid. .. | 2 . es |} 1 3 
Threonine...... | O 1 i 1 
Serine..... WE ae 1 1 1 2 
Glutamic acid... . 4 1 0 0 2 
Proline........ ecun - a 2 2 2 2 
Glycine.......... a) a WW &. 4 3 1 5 
RR seein | 0 | 1 | 0 0 l 
DIR. 5 55. a sine ; oe 1 0 1 1 
Phenylalanine..... | o | 1 1 1 1 
NS Soca csintiede.s | 0 | 1 0 0 1 
Total number of resi- | | 
Oe | 5 | 14 | 6 7 19 





* All values were within +0.15 of stated figures and were cor- 


rected to the nearest whole number. 
{ See reference (2). 
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Fie. 3. Drawings of ninhydrin-developed paper electrophoretit 
strips showing separation of the components of partial acid degra 
dation of certain peptide fragments. 
perimental conditions. 
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TaBLeE II 


Parent peptide fragment and partial sequence No. of area* 


Partial acid degradation products of certain peptide fragments 


Compound Proposed complete sequence 





AA-1 [Glu. Asp(Gly, Ser, Asp) } | AA-1 HCl1 
| AA-1 HCl 2 
AA-1 HCl 3 
| AA-1 HCl 4 
| AA-1 HCI 5 
AA-1 HCl 6 
AAC-1 [Pro.Pro.Ser(Gly, Asp) Phe] AAC-1 HCl 1 
| AAC-1 HCl 2 
AAC-1 HCl 3 
| AAC-1 HCl 4 

AC-3 [Thr (Glu, Gly;) Val. Arg] AC-3 HCl 1 
AC-3 HCl 2 
AC-3 HCl 3 
AC-3 HCl 4 





Glu. Asp 

Asp 

Glu 

Ser. Asp 

Gly (Ser, Asp) 
Gly and Ser 


| Glu. Asp.Gly.Ser. Asp 


Asp 

(Asp, Phe) (trace)t 
Gly (Asp, Phe) 
Gly,Ser and Phe 


Pro. Pro.Ser.Gly.Asp.Phe 


Glu (trace)t Thr.Glu.Gly.Gly.Gly.Val.Arg 


Thr.Glu 


Gly and Thr (trace)t 
Val. Arg 





* See Fig. 3. 


+ Trace indicates an amount approaching the limits of visual identification. 


after long incubation periods with high concentrations of Car- 
boxypeptidase A. 

Partial Acid Degradation of Certain Peptide Fragments—The 
sequences of three peptide fragments were determined by char- 
acterizing their partial degradation products and combining these 
data with those obtained by end group determination. The 
mole ratios of amino acids and the observed N- and C-terminal 
sequences of these fragments, AA-1, AAC-1, and AC-3,! have 
been reported here or elsewhere (2). 

In Fig. 3 are shown diagrams representing paper electrophoretic 
separations of the products of partial acid degradation of AA-1, 
AAC-1, and AC-3, respectively. In-all cases portions of the 
materials in the numbered areas were subjected to paper chro- 
matography in order to identify free amino acids or verify the 
homogeneity of di- and tripeptide components before final anal- 
ysis. In Table II is compiled a list of the amino acids and pep- 
tides identified in these studies together with proposed complete 
amino acid sequences. Precise analyses were not required to 
formulate the amino acid composition of the degradation prod- 
ucts since the amino acid mole ratios of each of the parent pep- 
tides had been carefully calculated previously. However, visual 
examination of paper chromatograms, prepared after complete 
hydrolysis, showed an approximately equimolar ratio of amino 
acids in the individual di- and tripeptides. 


DISCUSSION 

The results obtained from mild acid treatment and by partial 
acid degradation, together with the previously reported chymo- 
trypsin digestion data, have been compiled to formulate the 
proposed sequence of Peptide A shown in Fig. 1. 

The reason for the very acid-labile nature of the Asp. Pro bond 
in Peptide A is not known, although it has been demonstrated 
that peptide bonds involving aspartic acid are particularly sen- 


‘An error in numbering of peptide fragments AC-3 and AC-4 
was made previously (2). This error has been corrected in Fig. 1 
of this paper. 











sitive to hydrolysis by dilute acids (7). The acidic character of 
the sequence in close promixity as well as the diproline function 
may contribute in some manner to the extremely sensitive nature 
of this particular peptide linkage. 

The labile nature of bonds involving the amino group of serine 
(8) and the strong tendency for Pro. Pro to cyclize to the diketo- 
piperazine in acid solution (9) may explain the absence of proline 
peptides, as well as free proline, among the acid degradation 
products of fragment AAC-1. 

The absence of di- and triglycine in the acid degradation frac- 
tion of fragment AC-3 is not surprising. It has been observed 
that certain peptide bonds involving the carboxy] group of glycine 
are quite labile to strong HCl (8). 

The possible relationship of the peptides of co-fibrin to throm- 
bin specificity and the clotting phenomena has been discussed 
briefly in a previous paper (2) and will be further discussed in a 
forthcoming article.? It is, however, pertinent to point out here 
that the Pro.Pro sequence is a rather unusual one. This se- 
quence has recently been found in the 8-melanocyte-stimulating 
hormone from pig pituitary glands (10). The linkage between 
two cyclic imino acids has been suggested as a recurrent one in 
gelatin (11) and peptides containing the (Pro, Hypro) sequence 
have been isolated from this protein (12). A role of the Pro. Pro 
sequence in directing thrombin action is suggested by the fact 
that this enzyme hydrolyzes gelatin (13). 


SUMMARY 


A proposed amino acid sequence of Peptide A of co-fibrin has 
been formulated from data compiled by enzymatic digestion, by 
mild acid treatment and from partial acid degradation products. 
This sequence Glu.Asp.Gly.Ser.Asp.Pro.Pro.Ser.Gly.- 
Asp. Phe. Leu.Thr.Glu.Gly.Gly.Gly. Val. Arg. 


18s: 
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To prove that a solute is transported actively into a cell one 
must establish that the apparent concentration gradient is real. 
Finding the effective concentration for the extracellular phase 
usually offers no serious problems, but an absolutely objection- 
free measure of concentration within the cell is probably not 
available. Analytical methods usually fail to differentiate all 
possible modified forms from the free form; but even if the free 
solute can be shown to be at a high concentration upon breaking 
the cell, one may still argue that a subtle binding architecture 
was destroyed at the moment the cell was broken. Such factors 
as specific energy requirements, high temperature coefficients, or 
specific inhibitions or competitions may merely show that a 
chemical reaction occurs during uptake and not that the migra- 
tion takes place against a gradient. 

Accordingly indirect evidence provides the strongest present 
support for concentrative uptake: The quantities accumulated 
may exceed plausible binding sites; an osmotically equivalent 
uptake of water may occur (3); the accumulated solute may 
stimulate proportionally the influx of new solute molecules (4). 

In contrast concentrative transport across a barrier of cells is 
easily established because both phases are readily accessible to 
study. Perhaps we could gain a similar advantage for cellular 
uptake if we could segregate a segment of the extracellular en- 
vironment of the cell, and permit the accumulating solute to 
escape into this compartment where its true concentration 
could be unequivocally evaluated. The finding of any real 
gradient of a solute between this compartment and the remaining 
portion of the environment, even if less than that apparently 
produced for the cell interior, should establish cellular con- 
centrative uptake for that solute. 
reports such a demonstration. 


The present communication 


EXPERIMENTAL 


A l-inch, type HA filter, obtained from the Millipore Filter 
Company, Bedford, Massachusetts, was fixed in the usual holder 
(Fig. 1) and an ordinary water pump vacuum applied. A 
suspension (thinned with Krebs-Ringer bicarbonate solution) of 
Ehrlich ascites carcinoma cells, propagated as usual (5), was 
poured on the filter. After a minute of suction the residual 
portion of the suspension was decanted, and the cell-coated filter 
was washed several times with Krebs-Ringer bicarbonate 
medium. 


* Supported in part by a grant (C-2645) from the National Can- 
cer Institute, National Institutes of Health, United States Public 
Health Service. Preliminary reports of portions of these results 
have appeared (1, 2). 


The quantity of cells retained on the 2-em.? surface of the 
filter was quite constant at about 6 or 7 mg. regardless of the 
strength of the vacuum applied or the number of washings used. 
Microscopic examination after fixation by Zenker’s solution 
(Fig. 2) confirmed that the barrier was some four or five cells 
thick. Some of the cells were undoubtedly lost during fixation 
and staining. 

The complete filtration apparatus was then coupled to a 
bubble-driven circulating device similar to that used by Ussing 
and Zerahn (6), as shown in Fig. 1. In these experiments 0.5 
ml. of Krebs-Ringer bicarbonate medium was placed above 
the membrane (C) and about 35 ml. below the membrane. The 
small volume was selected in the former case to diminish the 
net transport necessary to produce a measurable gradient. The 
apparatus was submerged in a water bath at 37°, the fluid level 
in the reservoir being adjusted to minimize hydrostatic pressure 
differences. A mixture of carbon dioxide (5 per cent) and oxygen 
(or in some cases nitrogen) was bubbled through the circulating 
device. A rubber stopper was inserted at Point A. 

Sucrose was used to examine the passive permeability of the 
membrane, the colorimetric procedure of Roe et al. (7) being 
applied to the upper solution after addition of the disaccharide 
to the lower phase. At the end of 1 hour the level in the smaller 
phase had reached only 54 per cent of that in the larger phase. 

Krebs-Ringer bicarbonate solutions containing a labeled or 
unlabeled amino acid were placed above and below the filter, 
one of the two solutions having been modified in a specific detail. 
The sodium chloride content of this solution was adjusted so 
that the osmotic pressure had the usual value. 

Analyses—The distribution of glycine, a-aminoisobutyric 
acid, and glutamate was examined by counting aliquot portions 
of the solutions, dried on stainless steel planchets, in a thin 
window gas flow counter, the first two amino acids being car- 
boxyl-labeled, the third uniformly labeled. Counting was done 
on three to five separate samples, 1280 counts in 2 to 3 minutes 
per sample, to limit the over-all error to 2 per cent. At least 
three agreeing experiments underlie each conclusion of a positive 
result. Confirmatory, although less precise, results were ob- 
tained for glycine by means of a colorimetric ninhydrin analysis 
(8). The copper chelation method of Woiwod (9, 10) was used 
for determining a-methylglutamate and a-dimethylaminoiso- 
butyrate. Pyridoxal was determined spectrophotometrically at 
375 mu in the presence of excess ethanolamine (11) and pyri- 
doxal 5-phosphate by its absorption at 295 mu at pH 1.0. Potas- 
sium was measured by flame photometry, with a Baird instru- 
ment. 
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Fic. 1. Millipore filter apparatus. A stopper is placed at Point 
A; B, Teflon washer; C, filter; D, stainless steel screen; E, tube 
delivering aerated circulating fluid; /, gas bubble-driven circulat- 
ing device. The chamber, A, is 1.8 em. in diameter and 2.54 em. 
deep. 


RESULTS AND DISCUSSION 
When Krebs-Ringer bicarbonate medium containing 10 mM 
glycine was placed on each side of the membrane prepared as 
described above, no analytically detectable asymmetry of 
glycine distribution developed. When, however, 0.8 mM pyri- 





Fig. 2. Photomicrograph of cells in section of Millipore filter, fixed with Zenker’s formalin solution and stained with Regaud’s 
Approximate magnification, X 240. 


iron hematoxylin and Masson’s stain. 
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Fic. 3. Glycine gradient as a function of time after addition of 
8.0 X 10-4 m pyridoxal to phase 0. 


doxal was added to the larger phase, aftera 15-minute lag glycine 
began to concentrate in the other phase, until at 1 hour the level 
there was 15 per cent greater than that in the pyridoxal-rich 
phase (Fig. 3). Pyridoxal, like sucrose, gradually passed through 
the membrane, and the two gradients slowly subsided. 

Because the cell mass taken is very small compared to the two 
extracellular volumes, the cells could hardly have released enough 
of a binding agent to explain the asymmetry. Only an asym- 
metrical release of such a binding agent could contribute to the 
unequal glycine distribution. Gravimetric determinations (by 
drying at 110°) of the solids released into the smaller compart- 
ment limited the amount of such release to a mass less than twice 
that of the extra glycine in this phase, and failed to reveal any 
asymmetry of release of solids. 

The moderate tendency of pyridoxal to bind glycine has been 
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Fie. 4. Diagram representing the presumed processes occurring 
during accumulation by cells in the membrane experiments. <A 
and B are the two extracellular phases; the large arrows indicate 
influx and the small arrows, efflux. 


evaluated (12), but this factor only intensifies slightly the prob- 
lem of explaining the amino acid gradient. A partial fixation of 
pyridoxal by the membrane stains the cells yellow, but this ac- 
tion is complete in less than 5 minutes, whereas glycine con- 
centration continues for more than an hour. 

We propose that this behavior may be explained by the stim- 
ulation by pyridoxal of Process 1 (Fig. 4) or by the inhibition of 
its reversal. If Process 1 is stimulated, the escape of glycine 
from the cells will be stimulated, but without a proportionate 
stimulation of Process 2. The consequence will be transcellular 
concentration. If this explanation is correct, transcellular con- 
centration should occur for exactly the same collection of 
amino acids as intracellular concentration. Both should be 
stimulated by the same aromatic aldehydes, and they should be 
similarly influenced by cooling and by the exclusion of oxygen, 
and by other conditions. Table I shows how far we have carried 
The a-methyl group was no hindrance to 
concentration in either case except for dicarboxylic amino acids. 
Two N-methyl groups prevented both processes. Although 
anaerobiosis was inhibitory, both processes were largely restored 
by glucose addition. 


such comparisons. 


The structural requirements for the aro- 
matic aldehyde were also very similar in the two cases. From 
these results we conclude that both phenomena are manifesta- 
tions of the same fundamental process. 

By carefully loosening the filter holder we were usually able 
to invert the membrane without interrupting the cell barrier. 
The inverted membrane still concentrated glycine under the 
above conditions. No further asymmetry of amino acid distri- 
bution was observed when, after incubation with pyridoxal for 
an hour, the two phases were replaced with pyridoxal-free media. 
Pyridoxal 5-phosphate under the same conditions showed a 
‘milar effect, although this agent appeared to pass through the 
barrier more rapidly, to reduce the intensity and duration of the 
glycine gradient produced. Riggs' has shown pyridoxal phos- 
phate to be fully as effective as pyridoxal in stimulating amino 
acid uptake by cells. This finding becomes more significant 
with the observation of Pal (14) that far less pyridoxal phosphate 
is fixed by the cells than of pyridoxal, in fact so small a quantity 


'T. R. Riggs, personal communication. 
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TABLE [| 
Structural and environmental requirements for concentrative 
transport of amino acids 





| | 
| Degree of concen- 


Accumulation into tration by present 
membrane under 


suspended cells* 
pyridoxal stimulation 


ER 





Amino acid | 
Glycine....... 

| 

1 


Sane Yes (5) iW 
a-Aminoisobutyriec acid... .. Yes (9) 1.15 
L-Diaminobutyrie acid Yes (13) | 1.10 
a-Dimethylaminoisobutyric | | 

acid... eee = No (9) 0.97 
a-Methyl-pi-glutamate. .. No (9) | 0.98 
t-Ghtamate............... | Yes (5) | 1.06 

Condition 
_ 9 Re a er ee l No (5) | 1.00 
Potassium-free medium. No (5) | 1.01 
ee eer ree | No (5) | 1.01 
Anaerobiosis + glucose | Yes t | 1.12 

Substitute for pyridoxal | 
Pyridoxal 5-phosphate. . Yes (9) | 1.10 
4-Nitrosalicylaldehyde........| Yes (9) | 1.12 





* Numbers in parentheses are references. 
+ T. R. Riggs, personal communication. 


TaBLe II 
Distribution ratio of glycine after adding 15 X 10-3 mw potassium 
Potassium was only on Side 1 at zero time. At the observation 
time (30 minutes) the [K*] was 4.0 mm on Side 1 and about 0.2 
mm on Side 2. The cells had been incubated with 10 mm labeled 
glycine before the membrane was prepared. 
was 10 mM initially on both Side 1 and Side 2. 


The level of glycine 





Final [glycine] 
Ratio, [glycine]:- 
glycine}: 





Experiment | 


Side 2 


| Side 1 
: J a ear ae 
1 7250 6680 1.09 
2 | 6760 6200 1.09 
3 4780 4550 1.05 








GLYCINE GRADIENT M MOLES/L 
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Fic. 5. Change of potassium distribution ratio with time after 
addition of 50 X 10-* m glycine to Phase 0. 
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that the agent must be limited to superficial portions of the cell. 
When the cells are broken a considerably greater pyridoxal phos- 
phate binding capacity is exposed. Accordingly, the site and 
mode of action of the phosphorylated pyridoxal should be more 
accessible to study. 

Asymmetry of glycine distribution was also obtained by plac- 
ing 15 mm K* in the smaller phase and omitting this ion from 
the larger phase, adjusting the Na* level to obtain the usual 
osmotic pressure. A more rapid permeation by K* led us to 
shorten the time for this experiment, and also to use cells already 
in a steady state with 10 mm glycine. After 25 minutes the 
glycine was distinctly higher in the originally K+-rich phase 
(Table II). At this point its K+ level had fallen to 4 or 5 mm 
without raising the K+ level of the other phase above 0.2 mm. 
Note that the environment of the side to which K+ had been 
added was in this case the more normal one; if differential in- 
hibition were responsible we might expect glycine to migrate in 
the same direction as the potassium. Instead the migration of 
potassium in one direction appears to drive the migration of gly- 
cine in the other. Entirely parallel effects have been obtained 
for glycine uptake by the free cells (15). 

Similarly a glycine gradient produced an opposed gradient of 
potassium ion (Fig. 5). In this case the smaller phase was made 
50 mo in glycine. 

These reciprocal movements of glycine and potassium ion 
support our earlier proposal that the cellular potassium supply 
measures the potentiality for amino acid accumulation (15). 
Possible modes of linkage were proposed whereby the energy 
inherent in the alkali-metal gradients can be used for amino acid 
concentration, and the energy inherent in an amino acid gradi- 
ent, for alkali metal concentration (15). Incomplete evidence 
suggests that a similar situation may perhaps apply for sugar 
transport (16). Similarly glycine was concentrated by an aver- 
age of 1.05 times when L-alanine was added at a 50 mM concen- 
tration to the smaller phase. 

These findings show that real concentration gradients are 
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produced by a process having all the characteristics of the amino 
acid-accumulating activity of the cell, thereby, we believe, estab. 
lishing the concentrative nature of the process in the Ehrlich as. 
cites tumor cell. We have recently succeeded in using in the 
same way a membrane of HeLa cells grown in a thin layer on 
Millipore filters. At the same time the results show that trans. 
cellular concentration can arise from intracellular concentration, 
Conceivably an anatomical advantage, for example, increased 
transport capacity arising from a larger number of carrier mole. 
cules in the greater surface area of the brush border, may explain 
the transport polarization of the mucosal cells of the intestine, | 
Humoral polarization as in the present experiments could per.| 

haps also contribute to transcellular concentration. The results} jth 

also support the relevance of the characteristic properties found? enzym 

for the cellular concentrative process to transcellular secretion. | ply (. 

SUMMARY the sa 

compai 

Ehrlich ascites tumor cells have been caught by filtration ona} obtain 

Millipore filter to form a difficultly permeable cell membrane four paper } 

or five cells thick, with about 3 mg. of cells per cm.’ area. thodan 

The resultant membrane concentrated amino acids from bul-|  tionati: 


fered saline solutions away from the side to which a small amount} |jne iy 
of pyridoxal or pyridoxal phosphate was added and toward the| prepari 
side to which an excess of K* or alanine was added. Similarly} paratiy 
K+ was concentrated toward the side where glycine was added} 

The same group of amino acids was concentrated into the fre 


cells and across the above membrane under the influence o/ — 
pyridoxal. Other attributes were shared by the two processes previou 
leading us to the conclusion that amino acid and potassium ac- ome fo 
cumulation by these cells really is concentrative, and that trans wale in 
cellular concentration can arise from intracellular concentration All fract 
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Although rhodanese activity occurs in many tissues (1-3), the 
enzyme had been obtained in crystalline form from beef liver 
only (4). Beef kidney rhodanese could not be crystallized by 
the same procedure (5). To extend the biochemical genetic 
comparison reported previously (5), however, it was desired to 
obtain the kidney enzyme in a very high state of purity. This 
paper reports the purification and crystallization of beef kidney 
rhodanese by a method which combines an ion exchange frac- 
tionation with steps based on Sérbo’s procedure for the crystal- 
line liver enzyme (4). Thesame method has also been used for 
preparing crystalline beef liver rhodanese. Some further com- 
parative data are presented. 


EXPERIMENTAL 


Enzymatic activity and protein content were determined as 
previously reported (5). The tissues used as enzyme sources 
were frozen and thawed before use. Glycine and thiosulfate 
were included in rhodanese solutions to prevent denaturation. 
All fractionation procedures were conducted at 0-5° unless other- 
wise specified. 

Preparation of Crystalline Beef Kidney Rhodanese—The follow- 
ing method differs from Sérbo’s procedure for preparing the beef 
liverenzyme in the addition here of an ion exchange fractionation, 
the elimination of a lead acetate precipitation and an ammonium 
sulfate fractionation, and with respect to the conditions required 
in several other steps. 

1. One beef kidney (600 gm.) was homogenized in a Waring 
Blendor with 800 ml. of a buffer consisting of acetate and glycine, 
both at 0.1 m, pH 5. The homogenate was centrifuged for 30 
minutes at 3000 x g and the residue was extracted again with 
400 ml. of buffer. 

2. To the combined extracts solid ammonium sulfate was 
added to 0.4 m and the pH was then adjusted to 3.8 with cold 
1m HCl. After removal of the precipitate by centrifugation, 
the ammonium sulfate concentration was raised to 1.4 m, and 
the solution was allowed to stand for 3 hours to allow complete 
precipitation. After removal of the precipitate by centrifuga- 
tion, the ammonium sulfate concentration was raised to 2.0 Mm. 
The precipitated rhodanese was collected by centrifugation after 
3 hours and dissolved in 100 ml. of a buffer consisting of 10-3 m 
Tris! 10-* m Na.S.Osz, and 0.2 m glycine, pH 7.6, and designated 
Buffer A. 

3. To remove ammonium sulfate carried over from the pre- 


*This investigation was aided by grants from the National 
Science Foundation and the Dr. Wallace C. and Clara A. Abbott 
Memorial Fund of the University of Chicago. 

‘The abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane. 
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vious step, the enzyme solution was dialyzed against a buffer 
containing 10-* m Tris and 10-* m Na2S.O3, pH 7.6, designated 
Buffer B, until the ionic strength, measured conductimetrically, 
was less than that of Buffer A. After centrifugation the dia- 
lyzed enzyme solution was diluted with Buffer A to a protein 
concentration of 4 mg. per ml. 

DEAE-cellulose? was equilibrated against a buffer containing 
Tris, thiosulfate and glycine, each at 0.1 m, pH 7.7, and then 
washed free of unbound ions. The equilibrated ion exchanger 
was suspended in 1:200 diluted equilibration buffer at a density 
of 50 mg., dry weight, of exchanger per ml. 

The diluted enzyme preparation (500 ml.) was added to 750 
ml. of the DEAE-cellulose suspension. After being stirred for 
5 minutes, the mixture was filtered through Whatman No. 1 filter 
paper on a 32-cm. Biichner funnel. The loaded exchanger was 
washed once on the filter with the 1:200 diluted equilibration 
buffer. 

Rhodanese was eluted by treatment of the exchanger on the 
filter with 10 successive 150 ml. washes with a solution made up 
by adding to Buffer A ammonium sulfate to 3 x 10-° mM. The 
filter flask which received the eluted enzyme contained 300 ml. 
of a stabilizing solution consisting of 1 m glycine and 0.1 
Na2S.0;, pH 4.5. After elution, the rhodanese was precipitated 
from solution by adding solid ammonium sulfate to 2.5 m; this 
was followed by adjustment of the pH to 4.5 with 1 M acetic 
acid. After 3 hours the precipitated enzyme was collected by 
centrifugation, dissolved in 20 ml. of Buffer A and dialyzed against 
Buffer B. 

4. The pH of the dialyzed solution was adjusted to 4.8 with 
0.1 m acetic acid, and the preparation was fractionated with 
acetone at —10°. The protein fraction which precipitated when 
the volume percentage of acetone was increased from 30 to 45 
was taken up in 5 ml. of Buffer A and dialyzed against Buffer B 
to remove residual acetone. 

5. After centrifugation to remove a small precipitate of in- 
active material, the pH of the dialyzed solution was adjusted to 
4.8, and the rhodanese was precipitated by adding an equal vol- 
ume of 3.78 M ammonium sulfate. 

The precipitate was collected by centrifugation and extracted 
with 1.5 ml. of solution containing 1.8 M ammonium sulfate and 
0.01 m Na2S.O;3, pH 7.9. After removal of the insoluble residue 
by centrifugation, the extract was treated with 1.5 ml. of 3.25 
M ammonium sulfate, pH 7.9. The precipitated amorphous 
rhodanese was collected by centrifugation and crystallized by 
resuspension in 0.1 ml. of 1 M ammonium sulfate, pH 7.9. The 


2 N,N-diethylaminoethy] cellulose. 
tion Products Industries. 
references (6) and (7). 


Purchased from Distilla- 
For properties of DEAE-cellulose see 
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TaBLeE I 
Preparation of crystalline rhodanese from beef kidney and beef liver 























Total activity* | Protein* Specific activity 
Fraction 
Kidney| Liver | Kidney| Liver | Kidney Liver 
Rhodanese unitst| mg. mg. eee me me. 
1. Extract.......... 25, 000|81 , 000|64,000|54,000/ 0.39] 1.5 
2. 1.4to 2m Ammo- 
nium sulfate 
precipitate... . .|15,500/60,000) 3,700) 3,000) 4.2 20 
3. 2.6m Ammonium 
sulfate precipi- 
tate after ion 
exchange frac- | 
tionation. .....| 6,000)/17,000| 240) 160, 25 106 
4. 30 to 45% Ace- 
tone  precipi- 
Tee 2, 500/10, 000) 43 70| 56 143 
5. Crystals. 234) 5,080) 0.93 20} 252 254 
Recrystallization | | 260 + 6265 + 8 











* From 1 kg. of tissue. 
for 2 or 3 preparations. 
+ As defined by Sérbo (4). 


The numbers given are mean values 


TaBLeE II 
Sedimentation coefficients of beef kidney and beef liver rhodaneses 








Rhodanese source Pan re a i | ensniithen | 520,wt 

| % Svedberg units 
Beef kidney... J 6.3° 0.05 | 3.26 
Beef kidney cabal 5.0° 0.06 3.15 
Beef liver... wanton 5.8° 0.10 3.23 
Beef liver. . mE 6.0° 0.20 3.24 
eer Tiver...........] 15.0° 0.60 3.13 





*In addition to the enzyme, solutions contained ammonium 
sulfate at 0.18 mM, glycine at 0.16 mM, and Tris and Na.S.O3;, both 
at 10-3 m, pH 7.6. 





T S2.v = 


1— Ver 


| (2) (‘ log *) 
60 dt me 7 1 = Vp20.w 10°, 
| [ (=I ee 

2x | —— 
60 


No 


where d log x/dt was calculated by the method of least squares 
as the slope of the best fitting straight line connecting the points 
{log distance of schlieren maximum from axis of rotation (cm.), 


time (min.)]. 


n/no was determined by capillary viscometry, p_ pycnometri- 


cally. Sérbo’s (4) value for V was used. 
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enzyme was recrystallized by solution in Buffer A followed by 
precipitation with ammonium sulfate at pH 7.9. 

Preparation of Crystalline Beef Liver Rhodanese—The procedure 
given above may also be used for preparing the crystalline beef 
liverenzyme. It is convenient to begin the preparation with 100 
to 500 gm. of liver tissue. 


RESULTS 


Data from typical kidney and liver rhodanese fractionations 
are given in Table I. Like the liver enzyme (4), kidney rho- 
danese can crystallize as either flat plates or needles, sometimes 
as a mixture of both forms. 
are indistinguishable. 
kidney and liver enzymes are identical within the limits of the 
analytical methods used. Both crystalline enzymes sediment as 
single boundaries at the same rate at pH 7.6, ionic strength 0.54, 
in the Spinco model E analytical ultracentrifuge. The sz, 
values calculated according to the method illustrated by Schach- 
man (8) from data for dilute solutions of two preparations of 
crystalline kidney rhodanese and three preparations of crystalline 
liver rhodanese are given in Table II. 


DISCUSSION 


The principal modification which has made possible the erys- 


tallization of beef kidney rhodanese is the introduction of a frae- | 


tionation step involving DEAE-cellulose. The use of this ion 
exchanger in a batchwise procedure rather than as a column has 
been necessitated by the instability of rhodanese in contact with 
the exchanger under the conditions required for selective elution. 

The beef kidney and liver rhodaneses do not differ in either 
crystal form or sedimentation behavior.’ In these properties 
and in specific activity, as in the other biochemical properties 
reported previously (5), the two enzymes appear to be identical. 
Some biochemical genetic implications of such findings have pre- 
viously been discussed (5). 


SUMMARY 


A method for preparing crystalline beef kidney rhodanese has 
been developed. The same procedure has been found useful as 
a rapid, small scale method for preparing crystalline beef liver 
rhodanese. The procedure includes a batchwise fractionation 
with N,N-diethylaminoethyl cellulose as well as ammonium 
sulfate and acetone fractionation steps based on Sérbo’s proce- 
dure for the crystalline liver enzyme. The crystalline beef kid- 
ney and beef liver rhodaneses are indistinguishable in specifi 
activity, crystal form, and sedimentation rate. 
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3 The difference between the 20... value 3.2 obtained for crystal- 
line liver rhodanese in this work and the value 3.0 previously re 
ported by Sérbo (4) may be related to the differences in the buffer 
used for the sedimentation runs. A buffer of high ionic strengt 


containing glycine and thiosulfate was considered preferable here 
since under these conditions all of the enzymatic activity could bk 
recovered from the analytical cell after sedimentation at low tem 
peratures. 


The crystals of the two rhodaneses | 
The specific activities of the crystalline } 
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By 1946 (4) about 35 enzymes had been isolated and crystal- 
lized, and the controversy over their chemical nature was re- 
solved with the conclusion that all enzymes contained a protein 
component essential for their activity. In 1951, however, Bink- 
ley (5-7) claimed to have purified highly active peptidases which 
analyzed as polynucleotides and were free from protein. His 
procedure was designed to eliminate protein in direct contrast 
to the classical methods of protein isolation used by earlier work- 
ers on peptidase purification. For example, Anson (8) had crys- 
tallized carboxypeptidase as a water insoluble protein, and 
Johnson (9) had isolated yeast polypeptidase as a single ultra- 
centrifugal and electrophoretic component. Of the aminopepti- 
dases and imidopeptidases, Smith and Bergmann (10) had 
reported partial purification of leucine aminopeptidase and 
prolidase from hog intestinal mucosa. More recently these en- 
zymes (11, 12) have been highly purified by classical as well as 
modern methods of protein separation, and they analyzed as 
typical proteins. Other aminopeptidases (13) and tripeptidases 
(14, 15) have similarly been isolated. It seems unlikely that 
some small contaminant in these protein preparations could be 
responsible for their high enzymatic activity. 

Nevertheless Binkley et al. (6, 16) continue to report the iso- 
lation of preparations of peptidases by a method of protein 
elimination which involves an initial autolysis or prolonged pro- 
teolytic digestion of acetone powder extracts followed by salt- 
alcohol precipitation and chloroform-octanol shaking. In an 
abstract published in 1955, Binkley (17) stated that several 
specific protein-free aminopeptidases of swine kidney contained 
uridine diphosphate, guanosine diphosphate, glucoseamine, and 
simple peptides which differed in amino acid content in various 
peptidases. In a recent communication Binkley (18) reported 
the composition of a highly active cysteinyl glycinase as an 
equimolar guanosine diphosphate-amino acid complex. 

This paper describes the results obtained by the application 
of Binkley’s (6) method to the purification of leucine amino- 
peptidase from a mouse ascites carcinoma. The procedures 
were adapted for use with small quantities of material. It was 
found that the resulting enzymatically active protein breakdown 
products were associated with either or both polynucleotides 
and polysaccharides. Whether this association is an artifact of 
the method or reflects the conditions in the cell remains to be 


* This investigation was supported in part by research grant 
No. C-3102 from the National Cancer Institute, United States 
Public Health Service, and in part by an Institutional Grant from 
the American Cancer Society. 

Preliminary reports of this work have been presented (1-3). 


determined. In contrast to usual methods of purification where 
the number of components is kept to a minimum, this method 
therefore has a tendency to increase this number. Although 
there is no direct evidence of the production of enzyme frag- 
ments, the results suggest that the proteolytic breakdown prod- 
ucts of peptidase molecules are associated with other substances 
which, under certain conditions, may have a stabilizing function. 
Biologically active protein fragments were studied as early as 
1936 (see table in (19)) and the peptidase fragments produced 
by Binkley’s method of purification add to the constantly in- 
creasing number of these interesting substances. 

It has now been shown, however, both by the work of Semenza 
(20) and that reported here, that the protein or polypeptide 
components of these enzyme complexes can be separated from 
the polynucleotide carriers and that the enzyme activity is asso- 
ciated with the protein. Semenza purified cysteinyl glycinase 
from hog kidney with the use of Binkley’s (6) autolytic and 
precipitation methods and by column chromatographic fraction- 
ation separated the inactive polynucleotides from the enzymati- 
cally active protein fraction. Enzymatic and chemical methods 
were used in the present work to separate nucleotides from the 
ascites cell leucine aminopeptidase fragments. As yet complete 
removal of carbohydrate has not been achieved in the ascites 
material. The resulting protein-containing preparations repre- 
sent a 2000-fold purification of leucine aminopeptidase and have 
an average specific activity, C, 23, about one-fourth the highest, 
C; 88, obtained by Spackman et al. (11) for leucine aminopepti- 
dase from hog kidney. 


EXPERIMENTAL 


Growth and Preparation of Ascites Cells—The Lettré Ehrlich 
hyperdiploid mouse ascites carcinoma provided a material with 
a relatively homogeneous population of actively growing cells, 
which were known to have a high peptidase content (21). The 
ascites was maintained by 0.2 ml. of serial intraperitoneal trans- 
plantation into adult (2 to 2} month) female mice of the ICR 
albino strain. Tumor samples were taken at 9 days’ growth in 
the asymptotic portion of the growth curve (22). Ascites fluid 
(about 80 ml.) was aspirated by sterile syringe from 20 to 25 
mice and collected in tubes in an ice bath. All subsequent 
operations were carried out ina cold room. After centrifugation 
for 20 minutes the serum was discarded, and the cells twice sub- 
jected for 2 minutes to hypotonic shock with about half their 
volume of water to cytolyze the few contaminating red blood 
cells (23). 

Homogenization of Ascites Cells and Preparation of Supernatant 
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Fraction—The packed washed cells suspended in one-fourth their 
volume of 0.9 per cent NaCl-KCl (10 Na:1 K) and 0.01 m 
NaHCO; were transferred to a Servall omnimixer and homoge- 
nized at full speed for 3 minutes. Whole cells, nuclei, and mito- 
chondria were removed by centrifugation in a Spinco model L 
centrifuge for 15 minutes at 105,000 x g, and microsomes re- 
moved from this supernatant fluid by 1 hour of centrifugation 
at 105,000 x g. The resulting supernatant fractions were stored 
frozen at —30°. 

Chemical Determinations: Peptidase Assay—The use of ultra- 
microchemical methods permitted purification of an amount of 
material containing initially only 3 to 6 enzyme units (30 to 60 
ml. supernatant fraction). A total of 12 wl. of a given prepara- 
tion sufficed for the routine analyses at each step. Peptidase 
assay was carried out by the Linderstrgm-Lang and Holter (24) 
acetone-HC] titration of amino groups. t-Leucinamide, 0.05 m 
final concentration (pH 8 (22°) with NaOH), was used as sub- 
strate. Dilutions of the concentrated enzyme preparations were 
made so that enzyme activity was proportional to concentration 
(less than 50 per cent hydrolysis was attained in 1 hour). Deter- 
minations, enzyme and reagent blanks were all run in triplicate 
at 40°. Activation with 0.002 m MnCl. was used at all times, 
preincubation (1 hour at 22°) being necessary only through the 
first three steps of the preparation. Enzyme activities were cal- 
culated in terms of’ the first order velocity constant K;. This 
was expressed in decimal logarithms for comparative purposes. 
Specific activity was designated by the proteolytic coefficient C, 
that is K; per mg. of protein N per ml. of reaction mixture. The 
number of units of enzyme activity was calculated from the Ci 
value multiplied by the mg. of protein N in the preparation. 
Enzyme units were used for computation of yield. It should be 
noted that the C, values in preliminary abstracts (1, 2) were 
calculated on the basis of log, rather than logio as is customary. 

Protein—Protein nitrogen was determined by the sensitive 
and specific bromsulfalein method of Nayyar and Glick (25). 
The dye quantitatively precipitates protein down through a mo- 
lecular weight of 3000 (subtilin)! and does not precipitate nucleic 
acids. Therefore it is an excellent procedure to use with mixtures 
of these substances, especially in this case where the proteins are 
very low in aromatic amino acids. The method was standard- 
ized by Kjeldahl digestion and nesslerization of trichloroacetic 
acid precipitates of ascites supernatant fractions where nucleic 
acid made up less than 2 per cent of the nucleoprotein precipi- 
tates. At the various steps of purification, the bromsulfalein 
protein N values agreed with the total N values obtained on 
residues in which nucleotides and polynucleotides had been 
removed by hot trichloroacetic acid extraction of cold trichloro- 
acetic acid precipitates. By volume reduction, the protein con- 
centration was kept sufficiently high to insure complete precipi- 
tation of even the most purified materials with equal volumes of 
cold 20 per cent, although not by 10 per cent trichloroacetic acid. 

Nucleotides, Hexosamines, and Sugars—Quantities of nucleo- 
tides were calculated from absorbancy values at 255 my, with 
factors derived from the base composition of the nucleotides. 
In all cases complete absorption curves were plotted. Micro- 
modifications (26) of the Mejbaum orcinol and King methods 
were used respectively for ribose and phosphorus determination. 
Hexosamine was determined by the Rondle-Morgan (27) method 


1 Samples of insulin, subtilin, and bacitracin were kindly con- 
tributed by Dr. L. C. Craig of the Rockefeller Institute. 
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on an ultramicro-scale. Hexuronic acid was estimated by the 
carbazole reaction of Dische (28). 


RESULTS 
Purification 


Step 1. Preparation of Supernatant Fraction—Initial elimina- 
tion of more than half of the cell protein was achieved by differ- 
ential centrifugation (see “Experimental”’), the soluble peptidases 
being recovered entirely in the supernatant fraction.2 It was 
therefore unnecessary to use Binkley’s first step (6, 16), prepara- 
tion of an acetone powder, which caused great losses in activity 
in the ascites material. 

The average specific activity, Ci, of homogenates was found 
to be 0.013 and that of the supernatant fractions 0.028, the latter 
value being comparable to that, 0.02, of aqueous extracts of fresh 
hog intestinal mucosa and less than that, 0.055, of hog kidney 
(11). 

Step 2. Proteolytic Digestion and Salt-Alcohol Precipitation— 
Binkley’s next step, digestion with proteolytic enzymes followed 
by salt-alcohol precipitation, gave excellent yields of leucine 
aminopeptidase activity with elimination of more than 99 per 
cent of the protein. Table I gives the results of digestion of the 
ascites supernatant fraction with trypsin and chymotrypsin with 
recovery of the enzyme in the fraction soluble in 1 m NaCl and 
0.5 volume of alcohol, and insoluble in 1.1 volumes of alcohol. 
As emphasized by Binkley (6), it was necessary to prevent a drop 
in pH. The bicarbonate buffer aided in maintaining a pH over 
6.5. Addition of solid bicarbonate to give pH values over 7 
failed to increase enzyme yield. Other methods of differential 
precipitation of peptidases described by Binkley (6, 16) as those 
with barium acetate, magnesium acetate, or 0.2 m NaCl with 
various proportions of alcohol were less satisfactory than 1 m 
NaCl-alcohol. 

With trypsin purified by the method of McDonald and Kunitz 
(29) in combination with chymotrypsin (Worthington Biochemi- 
cals), 4 to 8 hours of digestion at 22° sufficed to lower the protein 
concentration to 0.1 to 0.4 per cent of that of the supernatant 
fraction with little loss in enzyme activity and great increase in 
specific activity. With Worthington trypsin 48 hours was 
chosen as optimal for subsequent experiments. Trypsin ap- 
peared to be the active enzyme. Longer digestion or addition 
of carboxypeptidase seemed to give little increased protein hy- 
drolysis. It will be noted that recoveries of over 100 per cent 
were obtained, indicating elimination or destruction of an in- 
hibitor in the supernatant fraction. Malmgren et al. (22) have 
reported an inhibitor of peptidases in ascites serum. Binkley 
et al. (16) have also found increases in activity of peptidases 
during proteolytic digestion of hog kidney preparations. Spack- 
man et al. (11) noted an increased yield of leucine aminopeptidase 
at the first ammonium sulfate precipitation, presumably due to 
the removal of inhibitors. 

In recent experiments, Series B, additional protein was elimi- 
nated at this stage by centrifuging off some material insoluble 
in the buffer. The recoveries ranged from 77 to 148 per cent, 
and the C, values of 9 to 22 were comparable to those reported 
by Binkley et al. (16) for hog kidney leucinamidase (to use 
Binkley’s terminology) at this stage of purification (1st ethanol, 
111 per cent yield, C; 6.9 based on total N). 

Redigestion with trypsin, chymotrypsin, and carboxypeptidase 


2 E. K. Patterson and E. Podber, unpublished observations. 
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in Series A gave some further reduction in protein content but 
decreased yields of peptidase and no significant increases in C,. 
In Series B, the decrease in protein was negligible, no change 
occurred in C, values, but the yield decreased 25 per cent. 
Proteolytic digestions at later stages of purification invariably 
led to lowered yields of peptidase probably in part due to losses 
in reprecipitation. It was concluded that the remaining protein 
could not be digested by these proteolytic enzymes. 

Effect of Guanidine-HCl—The essential nature of protein for 
enzyme activity was indicated by several experiments on the 
effect of 2 m guanidine-HCl on digestion of the ascites cell super- 
natant fraction. Binkley et al. (16) had observed no effect on 
the peptidase activity of proteolytic digestion of hog kidney ex- 
tracts in the presence of 1 Mm guanidine-HCl. Semenza (20), how- 
ever, found that although the activity of highly purified cysteiny] 
glycinase of hog kidney was lost reversibly in 6 m urea, it was 
lost irreversibly in treatment with trypsin or chymotrypsin in 
the presence of urea, although stable to these enzymes in the 
absence of urea. Therefore, the denatured protein was in some 
way changed by the trypsin and chymotrypsin. 

Table II gives the results on the effect of 2 m guanidine-HCl 
on the digestion of the ascites cell supernatant fraction by trypsin 
and chymotrypsin. In the Series A experiments, both the 
amount of protein and yield of enzyme were reduced in the pres- 
ence of this protein denaturant, but the specific activities re- 
mained similar to those in the control experiments indicating an 
effect on precipitability of the peptidase but not its activity. On 
the other hand, in the Series B experiments where insoluble inert 
protein was removed, the specific activity of the preparations 
without guanidine-HCl was an order of magnitude higher than 
in those digested in the presence of guanidine-HCl. In the latter, 
the lower protein recovery was not due to appreciably greater 
digestion of protein by the enzymes, but to denaturation of 
protein as seen by the greater volume of precipitate obtained on 
addition of a half-volume of alcohol. This denaturation, as 
might be expected, separated protein from nucleic acid, and the 
guanidine-treated preparations contained about twice the con- 
tent of nucleotides that was found in the controls, although pep- 
tidase activity was reduced 20-fold. In addition, before precipi- 
tation, the peptidase activities of the breis were reduced about 
8-fold by the presence of guanidine-HCl. Further purification 
(Steps 3 and 4) of the guanidine-HCl-treated material resulted 
in little increase in specific activity. Therefore in this ascites 
cell material, it appeared that the peptidase activity was asso- 
ciated with a protein fragment which might be partially protected 
from complete denaturation by association with polynucleotides 
and, as will be seen later, polysaccharides. 

Composition of Leucine Aminopeptidase Preparations at Step 2 
—As might be expected, the material soluble in 1 mM NaCl and 
insoluble in 0.5 to 1.1 volumes of alcohol was a complex contain- 
ing low molecular weight nucleic acids, proteins, and polysac- 
charides, and possibly other unrecognized substances. Fig. 1 
gives the ultraviolet absorption spectrum ( ) of a preparation 
at Step 2. The strong absorption with a peak at 258 my and 
the 280: 260 ratio of 0.51 provided good evidence for polynucleo- 
tides. From the absorption curves the presence of protein was 
not immediately evident since the content in aromatic amino acid 
was low after proteolytic digestion. The absorption spectrum 





of Binkley’s (6) cysteinyl glycinase has a 280:260 ratio of about 
0.55 and a 260:230 ratio of 1.57 comparable to the 1.53 of the 
curve in Fig. 1. 


As reasonably pure preparations of RNA have 
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TABLE I 
Digestion of ascites supernatant fraction with 
proteolytic enzymes—step 2 

Fresh proteolytic enzyme solutions were added to the ascites 
cell supernatant fractions at 0 and 3 hours, and, in the case of the 
48 and 72 hour digestions, also at 24 and 48 hours, respectively. 
A few drops of chloroform-toluene were added to prevent bacterial 
action. After the given digestion periods at 22°, the preparations 
were stored at 2° for 18 to 45 hours before precipitation. The 
solutions were then cooled in an ice bath and made 1 m to NaCl 
and 0.5 volume of cold 100 per cent alcohol saturated with NaHCO; 
added. After 30 minutes in an ice bath, the precipitate was 
centrifuged down at 1500 r.p.m. in a cold room and 1.1 volumes 
cold 100 per cent alcohol added. After 30 minutes precipitation 
at 0° and centrifugation at 1500 r.p.m., the supernatant fluid was 
discarded and the precipitate suspended in one-tenth the original 
volume of 0.9 per cent NaCl-KCl (10 Na:1 K), 0.01 m NaHCO,, 
0.005 m MgCly. Series A. Series B, the final suspensions were 
allowed to stand for 2.5 hours at 22° and 18 hours at 2°, then were 
centrifuged and the clear supernatant fluids assayed. 


| | | 
| | 
Recovery | 

of protein 





Leucine 
aminopeptidase 
Enzyme®* (0.25 mg./ml.) 


ann) Series | 
| 


| bof 


‘ 
Yield |Specific 





moad 
~ cc ee on 
Trypsin (K-M) | 48 | A | 0.11-0.43 | 57-95 | 3-19 
Chymotrypsin (W) 
| 
Trypsin (W) 8 A | 0.58-1.30 | 68-107 1-2 
Chymotrypsin (W) 
Carboxypeptidase (W) | 
Trypsin (W) | 8 | A | 1.16-1.54 | 43-107 | 1-2 
Chymotrypsin (W) | 24 0.26-0.54 | 60-133 | 5-9 
| 48 0.25-0.99 | 61-144 | 3-9 
| 72 0.36-0.98 | 95-100 | 2-7 
| 
| | | 
Trypsin (W) | 48 B | 0.14-0.28 | 77-148 | 9-22 
Chymotrypsin (W) 
| 
Redigestiont with tryp- | 2-4 A | 0.07-0.14 | 44-90 | 12-14 
sin (W) 
Chymotrypsin (W) 
Carboxypeptidase (W) 
Redigestiont with tryp- | 2 | B 0.11 | 62 13 


sin (W) 
Chymotrypsin (W) | | 





* K-M refers to trypsin purified by Dr. Margaret McDonald 
(29) and kindly given to us by Dr. B. Kaufmann. W refers to 
enzymes from the Worthington Biochemical Corporation. 

t In these experiments, after 48 hours of digestion followed by 
salt-alcohol precipitation, the suspensions A or solutions B were 
redigested with proteolytic enzymes and reprecipitated. 


a 260: 230 ratio of 2.58 (neutral pH), the 1.5 ratio should indicate 
the presence of some organic substances other than RNA. In 
our preparations protein could be determined either by the 
bromsulfalein method or by Kjeldahl digestion and nesslerization 
of trichloroacetic acid precipitates. The weight ratios of nucleo- 
tide to protein ranged from 1.9 to 7.7 at Step 2 with a mean of 
4.0 in recent preparations (see Tables IV and V). 

Evidence for the presence of polysaccharides has come not only 
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TABLE II 
Effect of 2 m guanidine-HCl on digestion of supernatant fraction with proteolytic enzymes 


Solid guanidine-HCl was stirred into the supernatant solutions to make them 2 m in guanidine-HC] and simultaneously sufficient solid 
NaHCO; was added to bring the pH to8. After proteolytic enzyme digestion, the preparations were salt-alcohol precipitated and dis- 





solved in buffer containing 0.005 m MgCl: as described in the legend of Table I. 


Enzymes | Time (21-23°) Series 


| | A ] . . ‘ 
| Recovery of protein Leucine aminopeptidase 


2 M guanidine- 








| HCl, pHs | From super- | . | ie | : tui 
| | | antaak Harton | Relative | Yield peemne activity 
| hrs. | % % % C1 
ee rere ee eee eee | 7 A - 1.30 100 121 eS i 
ee ere | | | 
Carboxypeptidase (W)................... | | + 0.44 34 32 1.3 
| | 
NN Gath ours victkteaws taxes 48 | A - | 099 | 100 | 81 2.7 
Chymotrypsin (W).............0.0000000: + | On | 1 | 10 | 3.1 
| | 
ED 80 oo das tebavrecee dco 48 B - | 0.09 | 100 51 15.0 
SOS a ee + | 0.05 | 53 24 | 1.3 








* Enzymes from Worthington Biochemical Corporation. 
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Fig. 1. Absorption spectra of an ascites cell leucine amino- 
peptidase preparation at Step 2 (——), after trypsin-chymotryp- 
sin digestion of the supernatant fraction, and salt-alcohol pre- 
cipitation. The dotted curve (----—) is that of the preparation 
after being shaken with chloroform-octanol six times. For com- 
parative purposes, the absorbancy is calculated on a volume basis, 
related to the volume of the original supernatant fraction. 


from analyses, but also from the effect of treating with enzymes 
specific for these substances. Glucosamine occurred in a molar 
concentration of about one-tenth that of nucleotides, and hexoses 
and hexuronic acids were also present. These sugars, probably 
in the form of polysaccharides since they were precipitable by 
alcohol, could be reduced in amount by treating the original 
supernatants with a-amylase and hyaluronidase before trypsin 
and chymotrypsin were added. An observed drop in viscosity 
indicated breakdown of high molecular weight compounds. 
Stability of Leucine Aminopeptidase at Step 2—It was observed 
in the earliest experiments that the stability of the enzymes at 
this step was very poor, but improved by addition of 0.005 m 


salt mixtures and assayed after 18 to 21 hours at 2°. 


TaBLeE III 


Effect of pH and Mg** ions on stability of leucine aminopeptidase 


at stage 2 


The alcohol precipitates were dissolved in the various buffer- 





| 





Buffer Molarity | pH | MgCls, 0.005 | er ge 

ee ee. ee Sa —— 
| 4/0 
NaHCO; 0.01 | 84 | + | 100 
Tris 0.04 8.3 + 99 
8.1 - 34 
Tris 0.04 7.3 + 73 
7.3 - 52 

MgCle. The effect of different buffers, pH, and anions on en- 


zyme stability was tested. The concentration of Na and K was 
without significant effect but as seen in Table III, addition of 
Mg ion greatly increased stability. Tris* (Sigma 121) and bi- 
carbonate buffers were equally good but stability at pH 8.3 was 
better than at 7.3. These data are in agreement with the ex- 
perience of others (11, 16) in purification of these enzymes. 
Treatment with Chloroform-Octanol—Table IV gives the data 
from experiments in which Binkley’s (6) next step, treatment 
with chloroform-octanol, was tried on the ascites cell peptidase 
preparations. As expected from this Sevag (30) procedure, the 
protein was reduced in amount but not completely eliminated. 
At Step 2, higher peptidase specific activities were found only 
in Series A preparations known to contain excess protein. The 
increases were very small and in no way comparable to the great 
(10-fold) increases found by Binkley et al. (6, 16) with hog kidney 
peptidase preparations. The lability of the ascites cell leucine 
aminopeptidase fragments was such that, regardless of medium 
or nucleotide to protein ratio, the yields of enzyme were de- 
creased, the smaller values (9 per cent of control) corresponding 


’The abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane. 
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Effect of chloroform-octanol treatment of material at Steps 2 and 3 


The preparations were shaken for 15 minutes with one-half their volume of saturated bicarbonate and water-washed (16) chloroform- 
octanol (3:1 or 95:5), centrifuged at 1500 r.p.m. for 15 minutes, and the supernatant fluid pipetted off the emulsion. This process 
was repeated until no precipitate formed on the meniscus. The medium was 0.9 per cent NaCl-KCl and 0.01 m NaHCO; except in two 
cases where 0.005 m MgCl. was present, and one in which the preparations were dissolved in water. 
ments are given, as no effect of medium was observed. 


Ranges of values from six experi- 





Leucine aminopeptidase 





| 





Step Protein* | Ree ager: | Yield with respect to 
| Specific activity ee a . 
| | i Untreated control 
pg./100 pl. C1 % % 
Homogenate..... | 4870-7300 | 0.013-0.014 
1. Supernatant fraction sellin Mad asa 1800-3700 | 0.023-0.035 100 | 
2. Trypsin, chymotrypsin: salt-alcohol precipitation . 3-26 | 1.97.7 1.8-16.2 60-98 
2a. Chloroform-octanol (6 to 9 times) treatment of 2... 1.1-1.9 | 65.7-12.3 2.1-13.5 9-21 9-59 
3. RNase treatment of 2: salt-alcohol precipitation. . . 0.4-1.3 1.4-6.1 | 16.4-24.8 10-44 
3a. Chloroform-octanol (4 times) treatment of 3. 0.11-0.14 | 7.3-7.6 0.1-0.5 








0.01-0.7. | 





* Protein N X 6.25. 
+ Weight for weight. 


t An aliquot of the preparation at stages 2 and 3 standing at room temperature for the same time as another aliquot was treated with 


chloroform-octanol. 


to preparations (Series B) in which the protein content at Step 2 
was lowest. 

Chloroform-octanol treatment of the preparations made little 
change in the ultraviolet absorption spectra (Fig. 1, ---—-). 
The slight shift in the minimum toward the shorter wave lengths, 
the lower absorption at 230 my, and the sharpening of the 258 
mu nucleotide peak, indicated diminution in protein. The 
260:230 ratio of 1.81 and protein determination showed, how- 
ever, that protein was still present even after repetitive (six 
times in this case) Sevag treatment until no emulsion formed. 
Either enzyme protein was removed or inactivated as only 9 
per cent of the activity remained in this particular preparation. 

Greater increases in specific activity and better yields were 
found by digesting the preparations at Step 2 with RNase and 
reprecipitating with salt-alcohol, Step 3 (see below). Treatment 
of the resulting solutions with chloroform-octanol further reduced 
the protein content and resulted in great losses in activity (Table 
IV). Semenza (20) found that hog kidney cysteinyl] glycinase 
preparations divested of polynucleotides, in contrast to those 
containing them, were exceedingly labile to the Sevag procedure. 
The experiments on ascites cell leucine aminopeptidase suggested 
that the active enzyme fragment remaining after proteolytic 
enzyme digestion was partially protected by association with 
polynucleotides and polysaccharides but that the peptidase ac- 
tivity resided in the protein component. 

Steps 3 to 6. Removal of Nucleotides from Nucleoprotein Com- 
pleres—The next steps involved a study of the effect on the 
enzyme activity of progressive removal of nucleotides from the 
preparations by means of RNase, snake venom esterase, 2 M 
guanidine-HCl, and ATP and Norit A. Table V summarizes all 
the purification steps including the following Steps 3 to 6 which 
were employed for the removal of nucleotides. In four of the 
tight preparations, hyaluronidase and in two a-amylase plus 
hyaluronidase were used before Step 2 for breakdown of poly- 
saccharides. At the concentrations and times given, these en- 
zymes had no effect on peptidase activity or recovery. As will 


TABLE V 
Steps in purification of leucine aminopeptidase from 
mouse ascites carcinoma cells 

Mean values from 8 experiments, Series B, in which nucleotides 
were removed from the preparations. In four experiments hy- 
aluronidase (Worthington Biochemicals) (0.1 mg. per ml., 2 hours, 
22°) digestion of the supernatant fraction preceded Step 2, tryp- 
sin-chymotrypsin treatment, and in a single experiment a-amy!- 
ase (Mann Laboratories, 0.2 mg. per ml., 2 hours, 22°) was used 
before hyaluronidase. Recovery of peptidase by salt-alcohol 
precipitation was carried out after each Step 2 to6. The yields 
of peptidase, protein, and nucleotide were reset at 100 per cent 
at Step 2 in order that the effect of Steps 3 to 6 could be seen rela- 
tive to the composition of the preparations at Step 2. 














} Leucine 
aminopeptidase | Nucleo- 
Steps | Protein Nusleo-|_ ide: 
Specific | Yield | ratio® 
Ci % % % 
1. Supernatant fraction 0.03; 100 |100 | 
2. Trypsin-chymotrypsin 15 111 0.22) 4.0 
iti 
3. Ribonuclease. . . 16 72 | 62 21 1.3 
4. Snake venom esterase 18 51 | 40 7 0.6 
5. 2 m guanidine-HCl 30 25 ;}11 | 2 0.7 
6. ATP-Norit.. 


23 5 3 0 





* Weight for weight. 
t Yields reset at 100 per cent (see legend above). 


be seen below, greater concentrations, however, did have an 
effect on recovery. 

Step 3. Ribonuclease—The preparations from Step 2 were 
treated with Worthington RNase (0.5 mg. per ml.) for 5 hours 
at 22° and 16 hours at 2°. It had previously been determined 
that no loss in activity was encountered by digestion of the super- 
natant fraction with RNase before or after proteolysis but that 
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Fig. 2. Absorption spectra of preparations at Steps 4, esterase; 
5, guanidine-HCl; and 6, ATP-Norit (3 times). 


TaBLe VI 
Composition of nucleotide component at step 5 

Preparations were hydrolyzed for 1 hour at 100° in sealed tubes 
with an equal volume of concentrated hydrochloric acid. The 
hydrolysates were chromatographed by two dimensional paper 
chromatography (isopropanol-HCl and water) and the eluted 
bases identified by ultraviolet spectrophotometry. The calcu- 
lations of quantities of bases were made from published (33) molar 
absorbancies. 








| | Purine 
Pooled | Guanine* | Adenine* | Cytosine*; Uracil* |~——_, p* 
samples | | | Base | Ribose | 
| | analysis | (orcinol) 
; i We nn 
1 | 0.476 | 0.100 | 0.279 | 0.144 | 58 | 79 1.9 
2 | 0.614 | | 0.224 | 0.161 | 61 | 74 | 2.0 





* Values given as moles per mole base. We are indebted to 
Elizabeth C. Travaglini for carrying out these experiments. 


losses occurred in the salt-alcohol precipitation. At this and 
succeeding steps after 1 m NaCl and 0.5 volume of alcohol pre- 
cipitation, 1.2 volumes of alcohol were used for the second pre- 
cipitation of the peptidase from the supernatant alcohol. The 
resulting precipitates were made up in 0.9 per cent NaCl, 0.01 
mM NaHCOs;, 0.005 m MgCl. to a volume of the original. 
Other means for concentrating the material and eliminating 
nucleases should be found, but it was felt here that yield was of 
lesser importance than separation of the nucleotide from the 
protein. 

It can be seen from Table V that the average yield was 72 
per cent of that at Step 2, the C; showing only a small increase. 
The nucleotide, however, was reduced to 21 per cent of that at 
Step 2 and the resulting nucleotide-to-protein weight ratio 
dropped from 4.0 to 1.3. 

Step 4. Snake Venom Esterase—Snake venom esterase (Cro- 
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talus adamanteus from Ross Allen’s Reptile Institute, Silver 
Springs, Florida) was added to the preparation from Step 3 in a 
concentration of 120 ug. per ml. The enzymes were allowed to 
act for 4 hours at 22° and 17 hours at 2°, followed by salt-alcohol 
precipitation. The precipitates were made up in the above 
mentioned buffer at a concentration of ,4; the original. As seen 
from the mean values in Table V, the specific activity was some- 
what higher, but the enzyme yield and protein concentration 
were reduced to 51 and 40 per cent, respectively, of those at 
Step 2; the nucleotides dropped to 7 per cent and the nucleotide 
to protein ratio to 0.6 (range 0.34 to 1.63). Reduction of nu- 
cleotide was far more complete if treatment with RNase and 
esterase was carried out in two separate steps rather than simul- 
taneously (nucleotide to protein ratios, 1.5 to 10.0). 

Incubation with 0.3 n alkali at 37° for 18 hours removed no 
further nucleotide, as checked by paper electrophoresis. The 
nucleotide and protein-containing complex moved as a single 
spot 1 cm. towards the anode in 1 hour (1000 volts, 3 ma., pH 
3.5). 

Step 5. 2 M Guanidine-HCl—Many methods of separating 
nucleic acid and protein involve the use of protein adsorbants 
and denaturants. The adsorbants tried, Dowex 2 and Kaolin, 
caused great losses in enzyme activity. Since the size of the 
protein fragment is probably relatively small, it seemed possible 
that a mild denaturant, as 2 M guanidine-HCl might be effective. 
Solid guanidine-HCl sufficient to give a 2 m solution and solid 
sodium bicarbonate to give pH 8, were stirred into the solutions 
from Step 4. The preparations were then allowed to remain at 
room temperature (22°) for 15 minutes. The enzyme material 
was cooled in an ice bath, salt-aleohol precipitated, and made up 
in buffer-MgCl, to a volume ;}, the original. At Step 4, some 
of the precipitates had a slight yellow cast but all were completely 
white at Step 5. The guanidine-HCl was effective in removing 
a contaminating protein, as also seen from the increase in specific 
activity (Table V). The nucleotide to protein ratio, however, 
increased although only 2 per cent of the nucleotide at Step 2 
remained, along with 25 per cent of the peptidase activity. 

The specific activities of the preparations at this stage ranged 
from 21 to 60 with a mean value of 30. Compared to the mean 
value of 0.0135 for the homogenates this represented a 2200-fold 
purification. 

Fig. 2 shows the ultraviolet absorption spectra of preparations 
after esterase treatment, Step 4, and after guanidine-HCl, Step 
5. The maxima are about the same, 257 my, and the minimum 
after guanidine-HCl shifts from 234 to 236 as expected with 
selective removal of nucleotides. 

Table VI gives the composition of the nucleotide component. 
Two pooled samples were analyzed for base composition,‘ ribose, 
and phosphorus content. Guanine was the predominant base 
with cytosine next and adenine and uracil relatively low. The 
per cent purine by base analysis was 58 and 61 per cent, the 
ribose analyses giving higher values, 79 and 74 per cent. The 
discrepancy was probably caused by the presence of hexuronic 
acids which with the orcinol reaction have a maximum absorp- 
tion at 670 my, as does ribose (31). Hexosamine, if present, was 
below the sensitivity of our method of measurement (27). The 
finding of 2 moles of phosphorus per mole of base could be inter- 
preted as indicating the presence of mixtures of nucleotides or 
nucleoside diphosphates. The latter compounds were reported 


4 We are indebted to Elizabeth C. Travaglini of this Institute 
for carrying out these experiments. 
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by Binkley et al. (17) to be components of the peptidases along 
| with glucosamine and a simple peptide. 


The enzyme activity, however, seemed clearly associated with 
the protein at Steps 4 and 5. Fig. 3 shows the relationship of 
the peptidase activities of 35 separate preparations (plotted as 
K,), to the protein N and nucleotide contents of the individual 
reaction mixtures. The scatter diagram on the right shows no 
relationship of nucleotide to activity whereas the trend with the 
protein is clear. 

Step 6. ATP-Norit—Removal of the remaining nucleotide 
was achieved with the procedure used by Davie et al. (34) with 
the tryptophan-activating enzyme. The preparations resulting 
from Step 5 were treated for 20 minutes at 22° with 0.005 umole 
per wl. of potassium-ATP (Sigma) and its equivalent of MgCl, 
in salt bicarbonate buffer, followed by salt-alcohol precipitation 
(2°). The precipitates were dissolved in ;},% of the original vol- 
ume of either 0.04 m Tris buffer (pH 8.1, 0.005 m MgCl.) or 
bicarbonate buffer (0.9 per cent NaCl-KCl, 0.02 m NaHCOs, 
0.005 m MgCl.). Tris buffer gave better pH control and con- 
sequently more stable preparations. The solutions were then 
shaken for 10 minutes with 17 ug. per ul., Norit A, (Pfanstiehl, 
washed with HCl and water, and then with Tris buffer, until 
free from chlorine and orcinol negative), centrifuged 10 minutes, 
and the supernatant fluids pipetted off. This process was re- 
peated four to six times or until the ultraviolet absorption curves 
stabilized, and showed nucleotides had been removed. 

No significant reduction in nucleotide to protein ratio was 
found in experiments in which preparations at earlier stages of 
purification, Steps 2 and 3, were treated with ATP, reprecipi- 
tated, and shaken with Norit as well as being submitted to each 
of these processes alone. Apparently ATP was effective only 
when the polynucleotide content had been reduced by treatment 
with nucleases, as after Step 4, when the full procedure removed 
wecleotides but gave preparations of low specific activity, C, 7 to 
8, At Step 5, addition of Norit alone eliminated nucleotides 
but resulted in excessive reduction of protein and enzyme activ- 
iy. ATP followed directly by Norit without reprecipitation 
also caused great losses in activity. The purification steps as 
outlined in Table V were chosen for routine preparation of the 
ascites leucine aminopeptidase fragment. 

No studies have been made thus far of the specific effect of 
ATP in this reaction. It is possible that other nucleotides or 
pyrophosphate might give the same result, that is the separation 
of the nucleotide from the protein in the enzyme complex without 
undue damage to the enzyme. 

As seen from Table V, the leucine aminopeptidase preparations 
resulting from Step 6 had an average C; of 23 which was lower 
than at the previous step. The yield and protein contents had 
teen reduced to 5 and 3 per cent, respectively, of the values at 
Step 2 but the material contained no detectable nucleotide. It 
should be emphasized that the volume reduction gave solutions 
of sufficient concentration for accurate measurement of protein 
content and enzyme activity. 


Composition of Ascites Cell Leucine Aminopeptidase 
Preparations at Step 6 


Nucleotides—It is obviously impossible to demonstrate the 
omplete absence of a substance. In the case of nucleotide, in 
the minute amounts available of these purified peptidase prepara- 
tions, it is even difficult to define the highest amounts that would 


wot be measurable by the methods employed. Assays for ribose, 
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Fic. 3. The relationship of leucine aminopeptidase activity, 
plotted as the first order rate constant K,, to the protein N and 
nucleotide content of the reaction mixtures. The points plotted 
were taken from preparations at Steps 4 and 5 with C, values of 20 
or over. 


and purine and pyrimidine were used for detection of nucleotide 
as these tests were more sensitive and specific than phosphorus 
determination. 

Accurate ribose determination could not be achieved with the 
orcinol reaction (26) which with this material gave a broad ab- 
sorption curve consistent with the presence of polysaccharide 
constituents as hexoses, uronic acids, and sialic acid, in a total 
sugar concentration of about 100 times the possible ribose level. 
The carbazole reaction (28) showed sufficient hexuronic acid 
present to account for all material absorbing at 670 my in the 
orcinol reaction thereby theoretically eliminating the possible 
presence of ribose. Initial treatment with hyaluronidase reduced 
the uronic acids 10-fold but did not completely eliminate this 
polysaccharide component except possibly in one case. Without 
positive identification of the sugars in these preparations, how- 
ever, it is difficult if not impossible to state that ribose was ab- 
sent. 

The possible amounts of purine and pyrimidine in these prepa- 
rations were below the limits of detection by microbiological 
assay, therefore the nonspecific but very sensitive method of 
ultraviolet absorption had to be used for testing for the presence 
of nucleotides. The lowest curve in Fig. 2 shows the ultraviolet 
absorption of the material at Step 6 in relation to Steps 5 and 4. 
Fig. 4 gives the absorption spectrum on a larger scale of a typical 
preparation after ATP-Norit treatment. Further exposure to 
Norit removed more protein and did not change the shape of 
the curves. The 260:280 ratio is now 1.0 and the 260:230, 0.1. 
The curve is typical of proteins low in aromatic amino acids. 
These amino acids were probably removed by the proteolytic 
enzyme treatment as the hog kidney leucine aminopeptidase of 
Spackman et al. (11) shows a high peak at 280 mu. The pH of 
the material as diluted in the microcell was about 6.1. Addition 
of alkali to bring the pH to 10.6 caused a change in the spectrum 
typical of aromatic amino acids (32) and opposite to that of 
nucleotides (33), 7.e. a slight rise in the region 240 to 270, and 
285 to 300 mu. The absorption curves of the enzyme prepara- 
tions could be closely matched by mixtures of amino acids in 
which the aliphatic were present in a molar ratio of 500 times 
the aromatic (2 phenylalanine:2 tyrosine:1 tryptophane). It 
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Fia. 4. Absorption spectrum of a preparation after ATP-Norit 
treatment, Step 6. 


was concluded therefore that if nucleotides were present, the 
amounts were very low compared to protein. 

Protein—Calculating from the maximum possible nucleotide 
in a preparation reading zero at 670 my in the orcinol reaction, 
and assuming a 1:1 molar nucleotide to protein ratio, gave a 
molecular weight of about 85,000 for the protein.® Similar cal- 
culations made from maximum nucleotide contribution to the 
ultraviolet absorption curves gave comparable values. These 
molecular weights seem very high for protein that is not com- 
pletely precipitable in 5 per cent cold trichloroacetic acid and 
are much greater than the values Binkley® has mentioned for 
his purified peptidase fragments. Although the ascites material 
at Step 6 was nondialyzable through 18/32 Visking tubing, it is 
possible that the enzyme molecules were associated in the pres- 
ence of magnesium giving particles too large to pass through the 
membrane. Complete precipitability with an equal volume of 
cold 20 per cent trichloroacetic acid would indicate a molecular 
weight at least in the protein and not the polypeptide range. 
But certainly the molecular size could not be great enough to 
allow for a mole of nucleotide per mole of protein. 

The small scale paper chromatographic method of Redfield 
(35) was used’ for separation of amino acids in hydrolysates 
(formic-HCl (36)) of the ascites preparations. In spite of the 
small size of the samples, about 10 ug. of protein, twelve amino 
acids could be clearly identified: aspartic and glutamic acids, 
leucine or isoleucine or both, alanine, threonine, serine, histidine, 
glycine, lysine, phenylalanine, valine, and methionine. From 
the ultraviolet absorption spectra it was suspected that cysteine, 
tryptophan, and tyrosine were also present. Therefore, other 
than proline and arginine which could not be detected in the 


5 Approximate values of 30,000 to 50,000 were calculated by Dr. 
Sam Sorof of this Institute for the molecular weights of peptidases 
in dialyzed ascites cell supernatant solutions from unpublished 
data obtained by velocity ultracentrifugation. Localization of 
the enzymes within the various components was determined by 
the use of the analytical filter paper partition cell. 

6 Unpublished results. 

7 These experiments were kindly performed for us by J. Kolb of 
this Institute. 
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ascites cell leucine aminopeptidase, the qualitative amino acid 
composition was similar to that of the enzyme from hog kidney 
purified by Spackman et al. (11). 

Carbohydrate—Polysaccharides occurred in these enzyme prep- 
arations at approximately half the weight of the protein. No 
attempt has been made to identify the specific sugars but efforts 
have been directed toward elimination of these components. 
Initial treatment of supernatant fractions with hyaluronidase 
(0.1 mg. per ml.) gave 10-fold reduction of uronic acids but still 
left enough of these compounds to interfere with ribose deter- 
mination. a-Amylase (0.2 mg. per ml.) seemed to have little 
effect in reducing hexoses, but use of higher concentrations (0.3 
to 0.4 mg. per ml.) resulted in a striking effect on the precipitabil- 
ity of the enzyme complex after treatment with guanidine-HCl, 
Step 5. The higher concentrations of alcohol (1.5 volumes) 
needed for complete enzyme recovery led to preparations with 
low specific activity. The material precipitable with the usual 
1.2 volumes of alcohol contained (mean of four experiments) 14 
per cent of the enzyme activity at Step 2, and 7 per cent of the 
protein in contrast to the 25 per cent and 11 per cent, respec- 
tively, obtained when lower concentrations of amylase were 
used. When the nucleotide was removed by treatment with 
ATP, reprecipitation, followed by Norit, only 0.8 per cent of 
the enzyme activity remained and the protein amounts were too 
low for accurate determination, although pointing to the pres- 
ence of enzyme of high specific activity. The material was not 
precipitable by 20 per cent trichloroacetic acid and lost activity 
very rapidly. The ultraviolet absorption curves were flat from 
260 to 300 my indicating a very low content of aromatic amino 
acids and no nucleotide. Sugars, although reduced in quantity, 
were still present in these preparations. Apparently, polysac- 
charide was necessary in the enzyme complex in order to recover 
stable enzyme by these methods. 

Stability of Ascites Cell Leucine Aminopeptidase Fragment— 
Preparations at Step 6 (in Tris buffer, pH 8, 0.005 m MgCl.) 
were relatively stable when stored frozen but lost activity at 
refrigerator temperatures. After 7 days (2-4°) the C; dropped 
10 to 50 per cent, then fell more slowly, and after 18 days 33 
to 80 per cent of the original activity remained. 
in C; was greatest when the initial specific activity was excep- 
tionally high as in the case of material with a C, of 60 dropping 
to 37 in 3 days at 2°. There was no change in the protein con- 
tent of the preparations, but those with higher protein concen- 
tration tended to be more stable. An exceedingly low carbo- 
hydrate content also seemed to lead to instability. Further 
work, however, would be necessary to determine the role, if any, 
of sugars in these enzyme systems. The instability at refrigera- 
tor temperatures of the ascites cell leucine aminopeptidase frag- 
ment is in contrast to the great stability of the all-protein hog 
kidney enzyme (11). The latter has a molecular weight in the 
presence of magnesium of 300,000 and a high content of aromatic 
amino acids. It is not surprising that the ascites enzyme frag- 
ment of far lower molecular weight should readily lose the con- 
formation necessary for activity especially in view of its low 
content of aromatic amino acids. 


Characterization of Ascites Cell Leucine Aminopeptidase Fragments 


Variation of Activity with pH—The pH activity curve for the 
ascites cell aminopeptidase fragment is given in Fig. 5. The 
peak is at pH 8.0 to 8.4, 22°, (7.5 to 7.9, 40°) in contrast to the 
enzyme purified from hog kidney by Spackman et al. (11) whieh 
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showed peak activity at pH 8.8 to 9.1 and the “leucine amidase” 
purified from the same tissue by Binkley et al. (16) which had 
increasing activity through pH 9.2 (37). The significance of 
this difference is obscure but might possibly have to do with 
amino acid composition. 

Activity with Different Substrates—Table VII gives the relative 
rates of hydrolysis of different substrates by the purified leucine 
aminopeptidase from hog kidney (38) and the fragments from 
ascites cells. It is clear that the behavior of the two enzymes 
is quite similar. 1.-Leucylglycylglycine and L-leucylglycine were 
hydrolyzed at rates comparable to L-leucinamide whereas L-ala- 
nylglycine and glycyl-t-leucine were cleaved at about one-tenth 
the rate of L-leucinamide. This is quite a different situation 
from that in whole ascites cells or homogenates where the latter 
two substrates were hydrolyzed at many times the rate of leucin- 
amide (21). The cleaving of diglycine by the purified tumor 
enzyme was not increased in the presence of cobalt as it was in 
cell extracts. The weak activity toward this substrate was 
therefore not due to a contaminating glycylglycine peptidase. 
The zero value for the last two substrates indicates the virtual 
absence of prolidase and cathepsin in the preparations. Unfor- 
tunately, the small amount of the ascites enzyme purified has 
precluded trying its activity on proteins as the amount of enzyme 
necessary is of the same order of magnitude as the weight of 
protein substrate (39). Possible esterase (37) activity of these 
preparations has also not as yet been investigated. 


DISCUSSION 

It now seems clear both from this work on ascites tumor cell 
leucine aminopeptidase and from Semenza’s (20) studies of 
cysteinyl glycinase, as well as earlier work previously cited, that 
the peptidases are not exceptional and are proteins as are all 
known enzymes. Nucleotides are unnecessary for enzymatic 
activity but under certain circumstances may contribute to 
stability. It is not impossible, however, that in the cell the 
peptidases exist in the form of nucleoproteins or muco- or glyco- 
proteins. Binkley’s (5, 6) finding that after exhaustive digestion 
with proteolytic enzymes, the resulting peptidase fragments were 
bound to polynucleotides is most interesting. Further work will 
be needed to determine whether this combination is the result 
of the chemical techniques used, or whether it reflects true con- 
ditions in the cell. 

The specific activities reported by Binkley et al. (16) for 
“crude concentrates” of “leucine amidase” (C, 450) from hog 
kidney are an order of magnitude greater than the highest (C; 88) 
found by Spackman et al. (11) for their all-protein leucine amino- 
peptidase from the same organ, and the highest recorded for the 
leucine aminopeptidase (C; 60) fragment from ascites tumor 
cells. The possibility exists that with the more stable kidney 
enzyme, a smaller peptidase fragment may be isolated when 
protected by polynucleotide than can be done with the more 
labile ascites enzyme. The lability to chloroform-octanol shown 
by the ascites preparations is in great contrast to Binkley’s ex- 
perience (16) with kidney enzymes. Leucine aminopeptidase 
from swine intestinal mucosa was found (11) to be less stable 
than that from hog kidney, and has been purified only to a C; 
of 3.1 (40). The question arises whether peptidases in rapidly 
growing cells, as tumor and intestinal mucosa cells, are associated 
with less stable lower molecular weight complexes than they are 
in mature cells as in the kidney. 


E. K. Patterson 
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Fic. 5. The effect of pH on the activity of ascites cell leucine 
aminopeptidase fragments. The substrate, leucinamide (0.05 m 
final concentration) was in 0.10 m Tris buffer at the given pH 
values measured at 22°. Due to the instability of the enzyme, 
each point is plotted as per cent of the activity of a preparation 
run simultaneously at pH 8. 


TaBLe VII 
Relative rates of hydrolysis of different substrates by 
purified leucine aminopeptidasc 


Comparisons were made with zero order kinetics and initial 





rates of hydrolysis at 40°. Mn** at 0.001 m was present in the 
reaction mixtures. 
Hydrolysis 
Substrate (0.05 m) Leucine amino- | Leucine amino 
peptidase from | peptidase from 
hog kidney, ascites tumor, 
(38), pH 8.8 pH 8.0 
a | % 
L-Leucinamide 100 100 
L-Leucylglycylglycine 120 | 99 
L-Leucylglycine. . 86 80 
L-Alanylglycine ; 9.4 10* 
Glycyl-.-leucine 10 8 
Triglycine..... 2.4 2.0 
Glycylglycine 1.1 1.4 
Glycyl-.-proline 0 0 
Benzoy1]-L-argininamide 0 0 
* pL-Alanylglycine. 
SUMMARY 


Leucine aminopeptidase from mouse ascites carcinoma cells 
has been purified about 2000-fold by small scale procedures 
which included some of the initial steps of Binkley’s method 
including proteolysis and salt-alcohol precipitation. The nu- 
cleotides were separated from the resulting nucleoprotein-con- 
taining complexes by means of nucleases, guanidine-HCl, adeno- 
sine triphosphate and Norit. Some carbohydrate remained but 


the enzyme activity resided in the protein components. 

The mean specific activity of the resulting ascites cell enzyme 
fragment was about half that of the all protein leucine amino- 
peptidase purified from hog kidney by Spackman et al. and 
about one-tenth that of the nucleotide-containing “leucine ami- 
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dase” fragments purified from the same tissue by Binkley et al. 
The nucleotide-free ascites leucine aminopeptidase fragment has 
a substrate specificity very similar to the protein hog kidney 
enzyme but differs from the latter enzyme in being less stable 
and containing fewer aromatic amino acids. 


— Cw do 


Ascites Leucine Aminopeptidase 
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Aqueous extracts of acetone-dried sheep brain preparations 
contain an enzyme system that catalyzes the formation of gluta- 
mine from glutamic acid and ammonia in the presence of Mgtt 
and adenosine triphosphate, according to the reaction: 


t-Glutamie acid + NH; + ATP = L-glutamine + ADP + H;PQ,. 


The optimal pH of this reaction was found to be about 7.2 (1). 
When in this reaction ammonia is replaced by hydroxylamine, 
glutamohydroxamic acid is formed instead of glutamine (1). 
Such aqueous extracts also catalyze the following reaction: 


L-Glutamine + NH.OH = t-y-glutamohydroxamic acid + NHs. 


This transfer reaction is activated by Mn*+, and its optimal pH 
was found to be 5.5 (2, 3). The possibility exists that the syn- 
thesis and transfer reactions are catalyzed by the same enzyme 
(4-6). 

Elliott (1) found that synthesis by the sheep brain enzyme 
at pH 7.1 occurred with low concentrations of Mn++, and ob- 
served that synthesis with Mn++ reached a maximum of 46 per 
cent of that obtained in the presence of Mg**. 
trations of Mn++ inhibited the synthesis. We found, however, 
that the concentration of Mn++ necessary for optimal activation 
of the synthesizing reaction changes with pH, and that Mn** 
concentrations which were strongly inhibitory at pH 7.2 readily 
activated the synthesis at more acidic pH values. A decrease 
in Mn++ concentration caused a shift of the optimal pH of the 
transfer reaction from 5.5 toward the alkaline region. We also 
found that when the transfer reaction is activated by Mgt+ 
instead of Mn++, the optimal pH lies at about 7.2. A prelimi- 
nary account of some of these observations has been given pre- 
viously (7). In the present paper the details of these studies 
are described. 


Higher concen- 


EXPERIMENTAL 


The glutamine-synthesizing system was prepared from ace- 
tone-dried sheep brain and used at the first stage of purification 
as described by Elliott (1). The activity of this system was 
tested by estimating the hydroxamic acid formed from L-glutamic 
acid and hydroxylamine (1). The same preparations were used 
for the transfer reaction; 1 ml. of enzyme solution corresponded 


* Part of a thesis to be submitted by Jacob Greenberg to The 
Hebrew University in partial fulfilment of the requirements for 
the degree of Doctor of Philosophy. 


to 0.2 to 0.4 gm. of acetone-dried sheep brain. The enzyme 
preparations were free from ATPase activity at all pH values 
and Mn*+ and Mg** concentrations used. The hydroxamic 
acid formed was measured colorimetrically by the method of 
Lipmann and Tuttle (8). Blanks obtained by omission of en- 
zyme or metal ions averaged 0.1 umole. Inorganic phosphate 
was determined by the method of Gomori (9). 
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Fic. 1. Effect of Mn** concentration on glutamine synthetase 
activity. Each reaction mixture contains, in 4.5 ml. of buffer 
(0.09 m acetate buffer for pH values below 7; 0.045 m tris(hydroxy- 
methyl)aminomethane buffer for pH values above 7): t-glutamic 
acid, 100 umoles; NH2OH-HCI, 50 umoles; ATP, 5 umoles; enzyme 
solution, 0.4 ml.; MnCle, umoles, as indicated above for each curve. 
All solutions added were adjusted to the appropriate pH with 
NaOH. Incubation was at 30° for 10 minutes. ATP was added 
after 5 minutes’ preincubation (same conditions in Fig. 3 and Ta- 
bles land II). GHA, glutamohydroxamic acid. 


2337 





2338 


TaBLeE I 
Glutamohydroxamic acid formed and inorganic phosphate liberated 
in the Mn**-activated synthesizing reaction 
Reaction mixtures are as given in Fig. 1. 
ues are corrected by subtraction of blanks. 


The phosphate val- 








MnCk | pH com Phosphate liberated 
| 
pmoles | | pmoles pmoles 
0.5 7.2 | 0.9 0.9 
100 7.2 | 0.1 0.05 
0.5 4.5 0.1 0.0 
100 4.5 3.3 3.3 





L-Glutamic acid, L-glutamine, ATP, and ADP were purchased 
from the Nutritional Biochemicals Corporation, Cleveland, Ohio. 


RESULTS 


As indicated in Fig. 1, the concentration of Mn++ necessary 
for optimal activation of the synthesizing reaction changes with 
pH. Increased Mn++ concentration causes a continuous shift 
to the left of the whole pH dependence curve, accompanied by 
an elevation of the peak up to pH 4.5. At pH 4.5 and pH 5 the 
glutamohydroxamic acid values obtained are higher than the 
maximal values obtained with Mgt+ at pH 7.2. One can see 
from Table I that the glutamohydroxamic acid values observed 
with Mn** as activator at pH 7.2 and pH 4.5 correspond to the 
amounts of inorganic phosphate liberated. This excludes the 
possibility that higher amounts of glutamohydroxamic acid are 
originally formed which, owing to the instability of glutamohy- 
droxamic acid under the given conditions, decomposed before 
they could be measured completely. Table II shows that the 
differences in the glutamohydroxamic acid values obtained were 
due neither to the change in concentration of the anionic part 
of manganese chloride nor to the difference in the buffers. 


GHA, #MOLES 


o 
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TaBLeE II 


Effect of Mn** concentration on glutamine synthetase 
activity at constant Cl- concentration 
Each reaction mixture (4.5 ml.) contains: L-glutamic acid, 
NH.OH, ATP, and enzyme solution, as in Fig. 1; MnCle and 
NaCl, as indicated. In this series of experiments no buffers were 
used. The solutions were adjusted to the desired pH values by 
the addition of NaOH. 
were found to be unchanged. 





| Glutamohydroxamic 





MnCle NaCl pH acid formed 

pumoles pmoles | pmoles 
0.1 99.8 72 0.2 
0.1 99.8 5.0 0 
0.5 99 7.2 0.9 
0.5 99 5.0 0 

] 98 1.2 1.3 
1 98 5.0 0.3 
5 | 90 72 0.3 
5 90 5.0 | 2.0 
10 80 73 | 0 
10 | 80 5.0 2.3 
30 40 7.2 0 
30 | 40 5.0 1.8 
50 0 is 0 
50 0 5.0 1.4 





The effect of Mn*+ concentration on the pH optimum of the 
transfer reaction is similar to its effect in the synthesizing reac- 
tion (Fig. 2). Here also, increased Mn++ concentration shifts 
the whole pH dependence curve to the left. Similar results 


were obtained when, instead of ADP, phosphate was added to 
the reaction mixture in amounts (5 wmoles per ml.) used by 
Schou et al. (2) in their experiments with sheep brain glutamo- | 
transferase. 





Fic. 2. Effect of Mn**+ concentration on glutamotransferase activity. 





Each reaction mixture contains, in 4.5 ml. of buffer (as in 


Fig. 1): u-glutamine, 100 umoles; NH2:OH-HCl, 50 umoles; ADP, 2.5 umoles; enzyme solution, 0.4 ml.; MnCls, umoles, as indicated 


above for each curve. Incubation, as in Fig. 1. 
GHA, glutamohydroxamic acid. 


Glutamine was added after 5 minutes’ preincubation (same conditions in Fig. 4). 











At the end of the reaction these values | 


| 


| 
| 
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Fic. 3. Effect of Mg** concentration on glutamine synthetase 
activity. L-Glutamic acid, NH,OH, ATP, enzyme solution, and 
buffer, as given in Fig. 1. MgSO,, wmoles: 2 (X—— xX); 5 (— 
B®; 10 (O——O); 20 (@——@); 60 (G——D); 100 (A——-A); 
200 (A——A). GHA, glutamohydroxamic acid. 


100 
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Fic. 4. Effect of Mg** concentration on glutamotransferase 
activity. L-Glutamine, NH2OH, ADP, enzyme solution, and buf- 
fer, as given in Fig. 2. MgS0O,, umoles, as indicated above for 
each curve. GHA, glutamohydroxamic acid. 


The pH optimum of the Mg*+-activated synthesis reaction 
(Fig. 3) is about 7.2 over a rather wide range of Mg++ concentra- 
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tions. At lower Mg++ concentrations it is shifted to the right, 
whereas relatively high Mg++ concentrations cause a distinct 
broadening of the range of the optimal activity between pH 6 and 
pH 7.2. 

Fig. 4 shows that the pH optimum of the Mg*+-activated 
transfer reaction lies at about 7.2. 


DISCUSSION 


Our experiments show that with appropriate Mn++ concentra- 
tions, synthesis can readily be obtained in the acid region with 
pH optima close to that previously described (2, 3) as being opti- 
mal for the transfer reaction (pH 5.5). On lowering the Mn** 
concentration, the pH optima for both reactions are shifted to- 
wards the alkaline region. The Mg*+-activated transfer reaction 
has a pH optimum of about 7.2. This value has also been found 
to be optimal for synthesis over a relatively wide range of Mg*+ 
concentrations. The effects of the two metal ions on synthesis 
and transfer are therefore quite similar, an observation which is 
consistent with the conclusion (4-6) that both reactions are cata- 
lyzed by the same enzyme. 

Beers (10), working with a polynucleotide phosphorylase from 
Micrococcus lysodeikticus, which is activated by Mgt+, found 
that the pH optimum of the enzyme varies from 7 or less at high 
Mg** concentrations to above 10.5 at low Mgt* concentrations. 
Although the function of Mg++ and Mn** in glutamine synthesis 
and in the transfer reaction is as yet unclear, it follows from Beers’ 
findings and ours that care must be exercised to evaluate the 
effect of pH in defining the properties of enzymes which require 
metal ions for their activity. 


SUMMARY 


The effect of varying the concentrations of Mn*+ 
on the activity of sheep brain glutamine synthetase 
motransferase was studied. 

The glutamine-synthesizing system was appreciably activated 
by Mn++. The pH optimum varied from 6.5 at low Mn*+ con- 
centration to 4.5 at high Mn++ concentration. Increase in Mn++ 
concentration also caused a marked increase in enzyme activity. 

The pH optimum of the Mn**-activated glutamotransferase 
also depends on the Mn++ concentration. It lies at a lower pH 
at high Mn++ concentrations and at a higher pH at low Mn** 
concentrations and varies from pH 5.5 to pH 7.2. 

Optimal activity of the Mgt+-activated glutamotransferase 
occurred at about 7.2. This is also the optimum for the Mg*t- 
activated glutamine synthetase over a relatively wide range of 
Mg** concentrations. At higher Mg*+ concentrations, the op- 
timal activity of the Mg*+-activated glutamine synthetase lies 
between pH 6 to 7.2, whereas at low Mg*+ concentrations the 
optimum is shifted to pH 8. 


and Mg*t* 
and gluta- 
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Our previous studies of Streptococcus faecalis 9790 have shown 
that the depletion of an essential amino acid from a highly 
buffered synthetic medium corresponds to the end of the ex- 
ponential growth phase (log phase) (2, 3). The end of the log 
phase is followed by further turbidity changes that are char- 
acteristic for the particular amino acid studied. The exhaustion 
of valine is followed by a slow increase in turbidity of 40 to 50 
per cent, in about 11 hours. It was found that this turbidity 
increase is accompanied by an increase in the dry weight of the 
culture, most of which can be accounted for by the formation of 
additional cell wall substance (1, 2, 4). 

When growth is limited by the amount of threonine present 
in the culture medium, the end of log phase (and threonine 
depletion) is also followed by a turbidity increase. However, 
instead of leveling off after a gain of 40 to 50 per cent, the 
turbidity slowly continues to increase for several days. Even- 
tually, a turbidity level that is more than twice that at the end 
of log phase is reached. 

We have now demonstrated that the primary consequence of 
threonine depletion, like valine depletion, is the synthesis of 
additional cell wall substance without concurrent cytoplasmic 
protein synthesis. The extent of wall synthesis appears to be at 
least twice as large as is the case for valine deprivation. 


EXPERIMENTAL 


Previously described methods were employed (3-5). Two 
crops of threonine-limited cells were grown. The cells were 
harvested after 41 hours of incubation when the turbidity was 
about 90 to 100 per cent greater than at the end of the exponential 
phase. Fig. 1 shows the point in the growth curve at which the 
two crops of threonine-limited cells were harvested relative to 
the end of the log phase and the depletion of the available 
threonine supply. This point in the time curve was selected as 
one that is near the maximum so that small time differences 
would be relatively unimportant without overly prolonging the 
incubation. For comparison with our earlier studies, a similarly 
plotted valine-limited growth curve is also shown. Both cell 
crops were grown in a medium containing 49 mumoles per ml. 
of threonine. Since in this medium, which except for pi-alanine 
contained all L-amino acids, 0.088 mumole per ml. of threonine 


* This investigation was supported in part by a research grant 
(E-1935) from the National Institutes of Allergy and Infectious 
Diseases, United States Public Health Service, by a Research 
Contract with the Office of Naval Research, and by Grant P-136 
of the American Cancer Society. The results have been presented 
in part at the 1958 meeting of the Society of American Bacteriol- 
ogists (1) and at the Fourth International Congress of Biochemis- 
try (2). 


is consumed per adjusted optical density unit! (3, 4), during log 
phase, the supply of threonine was exhausted at adjusted optical 
density 560 (220 ug. per ml. dry weight of cells). Crop 1 was 
grown without neutralization and yielded 0.9 gm. of lyophilized 
cells from 4 |. of medium (final pH 5.4) and contained 10.5 per 
cent nitrogen. Crop 2 was neutralized to pH 6.5 at about the 
end of log phase by the addition of the calculated amount of 
sterile NaOH. It yielded 1.4 gm. from 7 1. (final pH 6.0) and 
contained 10.1 per cent nitrogen. 
RESULTS 

Analysis of Whole Cell Substance—Part A of Table I shows the 
composition of a lyophilized crop of threonine-limited cells 
(Column 3) compared with that of log phase cells (Column 1), 
It can be seen that the percentage content of nitrogen and of 
three cytoplasmic amino acids, isoleucine, threonine, and valine 
is lower in the threonine-limited cells than in log phase cells. 
The concentration of lysine, a constituent of both cytoplasmic 
substance and the cell wall, remains fairly constant while the 
percentage of the sugar rhamnose, which occurs almost ex- 
clusively in the cell wall (4, 5), increases considerably. 

The total amounts of these substances present in the cells at 
the end of log phase, or more specifically at the point at which 
the limiting amount of threonine is depleted from the culture 
medium (3), are shown in Column 2. The total amounts present 
in the cells after 41 hours of incubation under the same conditions 
of threonine restriction are shown in Column 4. From these 
data the net changes in the total amounts of these substances 
after exhaustion of the protein essential amino acid, threonine, 
to the end of the 41 hours of incubation have been calculated 
(Columns 5 and 6). Thus we find that the 87 per cent increment 
in turbidity is accompanied by a nearly equal increase in dry 
weight but that there are only minor changes in the total amounts 
of the amino acids, isoleucine, threonine, and valine, which are 
not major components of the cell wall. The lower concentra- 
tion of these amino acids in the threonine-limited cells (Column 
3) is merely the result of dilution by cellular substances from 
which they are absent. The increment in total amount o! 
bacterial lysine closely follows the increment in dry cell substanet 
and turbidity, whereas the quantity of cellular rhamnose shows 
a far greater increment since this sugar is essentially absent from 
the cytoplasm of this organism (4, 5). It may thus serve as 4 
direct indicator of the increase in cell wall substance. 

Cell Wall Substance—The experiment described in Fig. 2 shows 
that the time course of mechanical disruption (4, 5) of threonine- 
limited cells follows the time pattern of exponential and valine- 


1 Optical density adjusted to agree with Beer’s law (6). 
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limited cells (4, 5), but reaches a somewhat lower plateau of 
soluble nitrogen. Several quantitative disruptions of threonine- 
limited cells gave average values of 72 + 2 per cent for the 
soluble and 28 + 2 per cent for the sedimentable portion of the 
total cellular nitrogen. 

Part B of Table I shows the nitrogen content of isolated and 
purified cell wall preparations that are essentially free from 
cytoplasmic contamination as determined by the absence of 
electron dense material in electron micrographs (4). It should 
be noted that as contrasted to the results obtained on valine- 
limited cells (2, 4), walls from threonine-limited cells show a 
significantly higher nitrogen content (6.4 per cent versus 5.7 per 
ent) than do walls of exponential cells. The fraction of the 
total cellular nitrogen represented by cell wall is also indicated 
in the table. When these results are used to calculate the 
changes occurring after the depletion of threonine (see under the 
discussion of part A of the table), a net gain in cell wall nitrogen 
of the same order of magnitude as the gain in cellular rhamnose 
is obtained. The fraction of cell weight accounted for as cell 
wall can be calculated from its nitrogen content and the fraction 
of total cellular nitrogen it represents, and gives an estimate of 
44 per cent of the dry weight of the whole cells as contrasted to 
25 per cent for cells from the log phase. 

No qualitative difference in the composition of the cell wall 
preparations from exponential or threonine-limited cells was 
revealed by paper chromatography for amino acids, amino sugars, 
and sugars. The increase in nitrogen content and a similar gain 
averaging about 12 per cent) in the concentration of the 5 
principal wall amino acids, p- and L-alanine, L-lysine, p-aspartic, 
and p-glutamic acid (details to be published) indicate that there 
may be quantitative differences in composition. 

It should be noted that the increases in turbidity, dry weight, 
and cell wall substance which result from threonine depletion are 
approximately twice as large as those which follow the depletion 
ofvaline. All of the gain in nitrogen and 70 per cent of the gain 
in cell weight was accounted for as cell wall substance in the 
case of valine limitation (2, 4). In this instance, about 70 per 
ent of both increases (nitrogen and weight) represent wall 
substance. 
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Analyses of whole cell substance, cell wall, and soluble fractions 





Net gain (from 


Threonine- 
exponential 


limited station- 


wie ary cells | sition point) 
| 
1 3 + | 5 
Frac- - Frac- ~ ~ 
— 8 — Amount 2 3 
weight? a weight? & 2 
A. Whole cell substance | 
Optical density®...... 560° 10504 |490 87 
mg./l mg./l. | mg./l. 
DEY WOM oiiciadiccicns 220 | 390 |170 78 
Nitrogen..... 13.2 | 29.1; 10.1 | 39.4 10.3) 35 
Isoleucine . 3.52} 7.7) 2.16) 8.4 0.7 9 
Threonine. . 2.82} 6.2) 1.64, 6.4) 0.2) 3 
Valine... | 3.92|) 8.6 2.31) 9.0; 0.44 5 
Lysine..... | 4.9| 10.8) 4.82) 18.8) 8.0, 74 
Rhamnose. . | 3.5 | 7.7; 6.5 | 25.4! 17.7) 230 
B. Wall substance 
Nitrogen 
as fraction of wall.....| 5.7 6.4 
as fraction of tate | 
cell N...... /1 | 3.2) 28 | 11.0) 7.8) 240 
Weight | | 
as fraction of whole | 
cell (calculated)*. | 25 | 55 | 44 172 |116 | 207 
| 
C. Soluble (cytoplasmic) | | | 
substance | 
Nitrogen 
as fraction of soluble...) 14.5 11.4 
as fraction of whole | | 
ne a | 89 25.6, 72 | 28.4) 2.8) 11 
Weight 
as fraction of whole | 
cell (calculated)*..... | 81 = |177 | 64 | 250.0) 73 | 41 





* The average precision of these values, in terms of the average 
deviation of replicates from the mean is: for nitrogen, +0.2; 
for amino acids, +0.06; for rhamnose, +0.2. 

» Adjusted to agree with Beer’s law (6). 

* Depletion point (3). 

4 Harvesting point, 41-hour incubation. 

¢ (Fraction of whole cell N X N content of whole cell)/N con- 
tent of fraction. 


Soluble Substance—Part C of the table indicates changes in the 
soluble (cytoplasmic) portion of the cell that were not apparent 
in the analysis of valine-limited cells. From the 11 per cent net 
gain in the amount of soluble nitrogen and the decrease in the 
nitrogen content (from 14.5 to 11.4 per cent) of the soluble 
fraction, a net gain of approximately 41 per cent in soluble 
substance can be calculated. The gain in soluble substance of 
low nitrogen content seems to account for that portion of the 
gain in whole cell substance not accounted for as cell wall. 


DISCUSSION 
Our results indicate that the events that follow the termina- 


tion of exponential growth by the exhaustion of the available 
supply of threonine or valine, and presumably other amino acids 





2342 


100; 





Cell Walls and Threonine Depletion 











ws INSOL. N 
a LOG % OF TOT 
r —o il 
kK 
3 ~— 28 
THR —— 


60f- 









40 


SOLUBLE N 


20 TIME OF SHAKING 


, ‘ 


35 20 
sa t t ! 


40’ 





Fig. 2. Mechanical disruption of exponential phase cells and 
valine and threonine limited postexponential cells. 


(3) are characterized by the synthesis of additional cell wall 
substance. Significant assimilation of amino acids essential to 
cytoplasmic proteins, but not to the cell wall seems to be absent. 
The increments after threonine depletion are of a larger order of 
magnitude than those obtained after valine depletion and have 
revealed not only a further increase in the ratio of cell wall to 
cytoplasm but have also indicated that changes in the cyto- 
plasmic portion of the cell may occur. The significance of the 
changes in relation to the differential effects of the depletion of 
different amino acids (3) remains to be explored. 

Cells grown under conditions of threonine limitation, like 
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valine-limited cells are not as subject to lysis, as are cells resulting 
from lysine depletion or as cells taken directly from the ex- 
ponential growth phase (2, 4,7). It seems reasonable to assume 
that the amount of cell wall is an important factor in this be- 
havior. The incorporation of radioactive amino acids into the 
cell wall of Staphylococcus aureus during the inhibition of protein 
synthesis but not of cell wall synthesis by chloramphenicol (8, 9) 
seems to resemble the post exponential formation of additional 
cell wall substance by S. faecalis when cytoplasmic synthesis js 
The 
addition of chloramphenicol to S. faecalis cells concurrent with 
the depletion of threonine is without significant effect on the 
subsequent turbidity changes. 


prevented by the deprivation of a protein component. 


SUMMARY 


Analyses of cells of Streptococcus faecalis 9790, indicate that 
after the depletion of threonine from the growth medium, cell 
wall synthesis continues. The increases in turbidity, dry weight 
of the cells, rhamnose, and cell wall substance, which follow the 
depletion of threonine are about twice as large as those that 
follow the depletion of valine. Additional cell wall substance 
accounts for about two-thirds of the gain in weight and nitrogen. 
Indications of changes in the cytoplasmic portion of the cell have 
been obtained. Cells resulting from growth under conditions of 
threonine limitation, like valine-limited cells, are resistant to the 
type of autolysis shown by log phase or lysine-limited cells. 


Acknowledgments—The author is grateful to Dr. Gerrit Toen- 
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helpful contributions, and to Mrs. Lillian 8. Riley for skillful 
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Previous studies have demonstrated that both the glucosamine 
and glucuronic acid moieties of hyaluronic acid synthesized by 
Group A streptococci are derived from glucose without previous 
sission of the glucose molecule (1). Shortly after the discovery 
by Caputto et al. (2) of the role of uridine diphosphoglucose in 
the epimerization of glucose, Park (3-5) noted the accumulation 
of uridine nucleotides in penicillin-inhibited Staphylococcus au- 
rus. Since that time considerable progress has been made in 
the isolation and characterization of uridine nucleotides contain- 
ing various carbohydrate moieties. Of particular interest has 
been the demonstration of uridine diphospho-glucuronate (6), 
-V-acetylglucosamine (7-9), and -N-acetylgalactosamine (9). 
The existence of these compounds, coupled with the demonstra- 
tion of the role of uridine nucleotides in the biosynthesis of su- 
crose (10), sucrose phosphate (11), trehalose phosphate (12), and 
lactose 1-phosphate (13), suggested that such compounds are 
involved in hyaluronate synthesis. Recent demonstrations of 
the role of uridine nucleotides in chitin. (14), cellulose (15), gly- 
cogen synthesis (16), and a 8-1,3-glucan (17) strongly suggest 
that the donation of glycosyl groups by such nucleotides repre- 
sents the most general pattern of polysaccharide biosynthesis. 
(laser and Brown (18) and Glaser (19) have reported the in- 
orporation of radioactivity from C'*-labeled uridine diphospho- 
Y-acetylglucosamine into hyaluronate by cell-free extracts of 
Rous sarcoma. However, the radioactivity was low and could 
be removed by electrodialysis or reprecipitation of the carrier 





hyaluronic acid. 

Previous work has demonstrated that Group A streptococcus 
Type 18 (strain A111) contains uridine diphospho-glucose, -glu- 
wonate, and -N-acetylglucosamine (20). The present paper 
reports the incorporation, by cell-free preparations of strepto- 
oeci, of radioactivity from tritiated uridine diphospho-N-acety]- 
glucosamine and tritiated N-acetylglucosamine 1-phosphate into 
the acetylglucosamine moiety of hyaluronic acid and from tri- 
tiated uridine diphosphoglucuronate into the glucuronate moiety 
of hyaluronic acid. 
demonstrated. 
lished (21), 


Net synthesis of hyaluronic acid is also 
A preliminary report of this work has been pub- 


MATERIALS AND METHODS 


UDP-glucuronate was isolated from a Group A streptococcus 
Richards strain!) as described previously (20). UDP-N-acety]- 
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glucosamine, UDP-glucose, UTP, ATP, UDP, UMP, and DPN 
were purchased from the Sigma Chemical Company. CTP and 
GTP were the gift of Dr. E. P. Kennedy. A partially purified 
preparation of Clostridium perfringens hyaluronidase (600 TRU 
per mg), prepared in this laboratory by Mr. Julio Ludowieg, was 
used. Bovine testicular hyaluronidase (5000 units per mg.) was 
purified in this laboratory. N-Acetylglucosamine-1-P was syn- 
thesized according to the method of Maley et al. (22). Before 
final purification it contained about 20 per cent glucosamine-1-P. 
In the experiments indicated, the incompletely purified prepara- 
tion was used. In all other experiments, materials separated on 
1-Cl- (8X, 200 to 400 mesh) (22) were used. No 
incorporation of tritium into hyaluronate from glucosamine-1- 
P-H’ could be demonstrated. N-Acetylglucosamine-1-P con- 
centrations were estimated on the basis of labile phosphate con- 
tent. 

UDP-glucuronate, UDP-N-acetylglucosamine, N-acetylglu- 
cosamine-1-P, and glucosamine-1-P were tritiated by the method 
of Wilzbach (23).2. Repeated evaporation to dryness, to remove 
some of the labile H*, was carried out as a first step in repurifica- 
tion of all H*-labeled compounds. The UDP-glucuronate-H® was 
repurified at 4° by cellulose (Whatman standard grade) column 
chromatography (5 X 23 cm.) with the neutral ammonium ace- 
tate-ethanol solvent of Paladini and Leloir (24). The repurified 
material showed the same activity as a glucurony! donor with 
p-nitrophenol (25) as the highly purified starting material (20). 
UDP-N-acetylglucosamine-H* was repurified on Dowex 1-C] 
(SX, 200 to 400 mesh, 2.2 * 25 cm.) at 4°. Elution was started 
with 0.005 x HCl and followed by 0.05 n HC] which removed any 
glucosamine-1-P-H* and N-acetylglucosamine-1-P-H*, respec- 
tively (22), that might have been formed during the tritiation 
process. No evidence for the presence of peaks of radioactivity 
of either compound was observed. Treatment of the column 
with 0.01 n HCl-0.1 n NaCl, and then with 0.01 n HCI-0.2 n 
NaCl, resulted in elution of UDP-N-acetylglucosamine-H*® by 
the latter solvent. The tritiated mixture of N-acetylglucosa- 


Dowex 


Institute, United States Public Health Service (No. H-311), and 
the Chicago Heart Association. 

1 Cells were obtained through courtesy of the Difco Company, 
Detroit, Michigan. 

2 Tritiation was carried out by the New England Nuclear Cor- 
poration Boston Massachusetts. 

3 Of interest is the observation that a radioactive peak was 
eluted just before the UDP-N-acetylglucosamine-H*. This was 
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mine-1-P and glucosamine-1-P was fractionated on a Dowex 
1-Cl- (10X, 200 to 400 mesh, 2.3 * 14 cm.) column (22). In 
this case the column was washed with distilled H.O until the 
radioactivity of the H,O washings was very low. 

Hexosamine was determined by the Boas method with the 
omission of the Dowex 50 treatment (26), uronic acid by the 
carbazole method (27), phosphate by the Fiske and SubbaRow 
method (28), nitrogen by a colorimetric microKjeldah] method, 
glucose by the reducing sugar method of Somogyi (29), and pro- 
tein by a modification of the method of Schneider (30). Reduc- 
tion of the glucuronate of hyaluronate to glucose was carried out 
as follows: about 15 mg. was heated with 1.0 ml. of 0.6 n HCl 
in absolute methanol for 2 hours at 100° in a sealed tube. To 
the methylated compound, cooled to —20°, were added 2 ml. of 
1 m sodium acetate and 1 ml. of 0.4 m NaBH, (31). The solu- 
tion was shaken rapidly and kept at —20° for 10 minutes. At 
the end of this time 1 ml. of 0.4 m NaBH, was added and the 
solution was kept overnight at —20°. After the addition of 1 
ml. of 9 N H.SO,, the tube was sealed and heated for 3 hours at 
100°. The hydrolysate was carefully neutralized with Ba(OH). 
and centrifuged. The supernatant liquid was passed over Dowex 
50-H*+, then over Dowex 1-CO;7 with a layer of Dowex 50-H*+ 
below it. H;BO; was removed by repeated vacuum distillation 
with acidified methanol and the glucose dissolved in 70 per cent 
methanol and subjected to paper electrophoresis under the con- 
ditions described below for hexosamine. 

Hexosamine was isolated from hyaluronic acid as follows: about 
15 mg. were hydrolyzed in 4 Nn HC] at 100° for 14 hours in a 
sealed tube. HCl was removed by evaporation on a steam bath 
under Nz. The hexosamine was adsorbed on Dowex 50-H*+ (8X, 
200 to 400 mesh), the column was washed with H.O, and the 
hexosamine was eluted in 2 N HCl. HCl was removed as indi- 
cated above and the hexosamine subjected to paper electropho- 
resis in 0.01 N phthalic acid, pH 4.0, at 500 volts and 5 to 6 ma. 
for 1} to 2 hours. Paper electrophoresis was performed on a 
Reco model E-800-2. 

Hyaluronate was estimated by the turbidity method of Dorf- 
man and Ott (32), by hexosamine (26), or by uronate content 
(27). 

The hyaluronate from each sample was isolated in the follow- 
ing fashion: after the indicated incubation time a known amount 
(usually 1 to 2 mg.) of carrier (isolated from the growth super- 
natant of the same organism by the method of Cifonelli and 
Mayeda (33)) was added and the sample boiled for 5 minutes. 
Sufficient additional carrier hyaluronate was added to make a 
total of 10 mg. unless otherwise indicated. The quantity was 
determined on the basis of uronate analysis. After adjusting 
the volume to 10 ml., the tube was centrifuged for 20 minutes at 
2000 r.p.m. The supernatant liquid was dialyzed successively 
against running tap H,O for 12 to 24 hours and twice against 15 
l. of distilled H.O at 4°. One drop of phenolphthalein and 1 
drop of 4 n NaOH were added to the dialyzed sample and the 
solution was heated on a hot plate just to the point of boiling. 
The sample was immediately neutralized with 3 to 4 drops of 1 
N HCl, cooled, and centrifuged at 30,000 x g for 20 minutes. It 
was then passed over an 800 mg. column (0.5 X 0.9 cm.) of acid- 





approximately equal in radioactivity to that of the UDP-N- 
acetylglucosamine-H*. However, this peak had no absorption 


in the ultraviolet and was not a donor of H* to hyaluronic acid in 
the experimental system. This compound has not been investi- 
gated further. 


Biosynthesis of Hyaluronic Acid. 
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washed Norit A, 20 per cent stearic acid.‘ The latter treatment 
removes all material absorbing at 260 and 280 my. The hy. 
aluronate in the effluent was precipitated by the addition of | 
to 2 drops of 1 m Na,SO, and 1.5 to 2.0 ml. of 1 per cent cety| 
pyridinium chloride. The water insoluble complex was centri. 
fuged, washed repeatedly with distilled H.O, and dissolved in 5 
ml. of methanol. Insoluble material was removed by centrify. 
gation. The hyaluronic acid was precipitated from the super. 
natant fluid with 1 volume of glacial acetic acid and washed three 
times with methanol, once with methanol-ether, twice with ether 
and dried in a vacuum desiccator over Drierite. Hyaluronic 
acid was weighed directly into 5-dram counting vials immediately 
after opening the desiccator. Uronate determinations on this 
material indicated a H.O content of 15 per cent. Unless indj- 
cated, no correction was made for moisture. 

Hyaluronic acid was dissolved in 1 ml. of 1 mM hyamine (hy. 
droxide form) (34, 35) to which was added 14 ml. of toluene con. 
taining 0.643 per cent 2,5-diphenyloxazole as a phosphor. Ra. 
dioactivity was determined in the Tri-Carb liquid scintillation 
spectrometer. Under these conditions radioactivity is directly 
proportional to hyaluronic acid content between 0.1 and 3.0 mg 
and the efficiency of counting was about 8 per cent. H:O was 
counted with H,O-ethanol-0.643 per cent 2, 5-diphenyloxazole in 
toluene in ratios of 0.6:6.0:8.4. A comparison of the two solvent 
systems was made with cholesterol-H? to facilitate correction for 
the lower efficiency of the H,O system. Counts in the H,0 sys 
tem were multiplied by 1.557 to correspond to counts in the 
hyamine solvent system. UDP-glucuronate-H*, UDP-N-acety!- 
glucosamine-H*, N-acetylglucosamine-1-P-H’, glucosamine-l- 
P-H?, glucose-H’, and glucosamine-H? were counted in the same 
solvent used for hyaluronic acid. 

A strain of Group A streptococcus Type 18 (strain A111), was 
inoculated (36) and grown as previously described (20). The 
culture was cooled to 10-15° and the cells were harvested by 
centrifugation at 30,000 x g for 10 minutes at 4°. Cells with 
large capsules formed a fluffy pellet when combined for wash- 
ing. After two washings with 0.05 m phosphate buffer, pH 7.0, 
the cells were resuspended in the same buffer and treated ins 
Raytheon sonic oscillator at 9 ke. at 0°. 


EXPERIMENTAL 


Preliminary experiments showed that H* was incorporated int 
hyaluronate when streptococci subjected to sonic disruption for 


15 minutes were incubated with UDP-glucuronic acid-H*, UDP-}- 


N-acetylglucosamine, ATP, N-acetylglucosamine-1-P, an 
MgCls. Enzyme activity increases progressively with time ¢ 
sonic disruption up to 90 minutes, and remains in the supernatan! 
fluid after centrifugation at 10,000 x g for 10 minutes. 

Chemical and Enzymatic Analyses of Hyaluronic Acid Prepari 
tions from UDP-Glucuronic Acid-H*, UDP-N-Acetylglucosamin 
H®, and N-Acetylglucosamine-1-P-H*'—When several preparation: 
labeled from UDP-glucuronic acid-H* were repurified by adsorp 
tion on Dowex 1-Cl- (8X) and elution with 2 n NaCl, no signit: 
cant change in radioactivity was evident. Analyses of one | 
the preparations showed a hexosamine-uronic acid-N molar rati 
of 1.00:0.99 :0.94. 

Further proof that the radioactive precursors were incorporate 


‘ Norit-stearic acid was prepared by refluxing 100 gm of acié: 
washed Norit A with 20 gm. of stearic acid in methanol for 1 how 


The resulting product was then washed on a filter with methan} , 


and dried. 


Vol. 234, No. # 


Septem 


into hys 
and of 
moleculc 
corporat 
glucosan 
; The g 
glucosan 
UDP-ght 
V-acety] 
cate tha 
in labeli 
trast, th 
cosamine 
mine mo 
The une 
cosamine 
bility of 
the same 
A thir 
hyaluron 
ronate p 
for an ex 
and the | 
coseenpy 
was chro 
H,0 (1: 
by ultra, 
of the rac 
spectrum 
charide. 
Additi 
ment by 
tymatic | 
pH 5.0 ar 
The resu 
tains 21. 
derived f 
radioactin 
rived fro’ 
mine-1-P. 


Isolation 


Tritiated 


UDP-GA 
UDP-GN. 


GNAe-] <j 


*Hyalu 
10,000 « 
t Deriv 
; A um 
lisaechari 








NO. 


ment 
e hy. 
| of | 
cety| 
entt- 
1 inj 
\trifu. 
super- 
three 
ether, 
uronic 
liately 
n this 
3 indi- 


e (hy- 
1 CON- 
Ra- 
lation 
irectly 
0 mg. 
0 Was 
zole in 
solvent 
‘ion for 
0 Sys 
in the 
-acetyl- 
mine-!- 
e same 


1), was 
). The 
sted by 
lis with 
r wash- 
pH 700, 
ted in 4 


ited int 
stion for 


3. UDP. - 


P, and 
time 0! 
ernatan! 


Prepare 
psamil: 
barations 
adsor}- 
signit 

f one & 
lar rati 


porate: 


of acit: 


1 how 
hethane 





September 1959 


into hyaluronate was obtained by recovery of the glucosamine 
and of glucose derived from the glucuronate portion of the 
molecule. As will be evident from subsequent experiments, in- 
corporation of tritium could be obtained from UDP-N-acetyl- 
glucosamine-H? as well as from N-acetylglucosamine-1-P-H®. 

~ The glucuronate moiety, after reduction to glucose, and the 
glucosamine moiety were isolated from hyaluronate labeled from 
UDP-glucuronic acid-H*, UDP-N-acetylglucosamine-H*, and 
V-acetylglucosamine-1-P-H*. The data shown in Table I indi- 
cate that the use of UDP-glucuronate-H? as a precursor results 
in labeling exclusively in the glucuronic acid moiety. In con- 
trast, the use of UDP-N-acetylglucosamine-H* or N-acetylglu- 
eosamine-1-P-H? as a precursor results in labeling in the glucosa- 
mine moiety with minimal labeling in the glucuronic acid moiety. 
The unexpected high specific activities of the glucose and glu- 
cosamine are unexplained. This may have resulted from varia- 
bility of the counter since the hyaluronic acid was not counted at 
the same time as the degradation products. 

A third method of verifying the incorporation of isotope into 
hyaluronate depended upon enzymatic degradation. Hyalu- 
ronate preparations, labeled from GNAc-1-P-H’, were treated 
for an extended period of time with C. perfringens hyaluronidase 
and the resultant unsaturated disaccharide (3-O-(8-p-A ,4 , 5-glu- 
coseenpyranosyluronic acid)-2-deoxy-2-acetamido-p-glucose) (37) 
was chromatographed on paper with an acetic acid-n-butanol- 
H.0 (1:4:1) mixture. Elution of the disaccharide, as detected 
by ultraviolet absorption, resulted in the recovery of 80 per cent 
of the radioactivity of the original hyaluronate. The ultraviolet 
spectrum at pH 2.0 was characteristic of this unsaturated disac- 
charide. 

Additional information was obtained from this type of experi- 
ment by determination of radioactivity in the H,O. After en- 
ymatic digestion, the H:O was recovered by lyophilization at 
pH 5.0 and the radioactivity determined as previously indicated. 
The results shown in Table II demonstrated that the H.O con- 
tains 21.3 per cent of the radioactivity of hyaluronic acid-H?® 
derived from UDP-glucuronate-H* (other components are non- 
radioactive). Enzymatic hydrolysis of hyaluronic acid-H* de- 
rived from UDP-N-acetylglucosamine-H* and N-acetylglucosa- 


mine-1-P-H* released only small amounts of radioactivity. Since 


TABLE I 
Isolation and specific radioactivity of components of differentially 
labeled hyaluronic acid 


Hyaluronic acid* Radioactivity 





Tritiated precursor Radioactivity Glucoset Glucosamine 





c.p.m./pmolet c.p.m./pmole c.p.m./pmole 


UDP-GA... 460 0 

740 1510 

UDP-GN Ae 2950 82 
1550 1970 

GNAec-1-P 1770 266 
2660 2650 


*Hyaluronic acid was obtained in experiments with the 
10,000 X g supernatant fraction. 

Derived from the glucuronic acid of hyaluronic acid. 

tA umole of hyaluronic acid is equated with a wmole of the 


lsaecharide from hyaluronic acid. 
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TaBLe II 
Action of clostridial hyaluronidase on hyaluronic acid-H$ 


Each experimental tube contained the following per ml. of 0.1 
M acetate: 0.15 mM NaCl, pH 5.0; hyaluronate, 9.09 mg.; clostridial 
hyaluronidase, 1.81 mg.; penicillin, 2000 units. A control tube 
for each contained the above components without clostridial 
hyaluronidase. Incubation time was 19} hours at 37°. A 1.0-ml. 
sample from each was lyophylized and the water was assayed for 
radioactivity. The total radioactivity of water obtained by 
lyophylization from control tubes was subtracted from the total 
radioactivity of the hyaluronate and from the radioactivity of the 
water of the sample containing hyaluronidase. The percentage 
recovery of radioactivity in water was calculated from these 
corrected values. 


Corrected 


| Total Corrected le total Radio- 

Tritiated precursor) Weight radio- total radio- Pm = radio- ony 

activity activity of H:0 ot HO H.0 
mg. d.p.m d.p.m. d.p.m. d.p.m ‘ 

UDP-GA..... 20 | 72,000 | 59,700 | 25,000 | 12,700 | 21.3 
UDP-GNAc..| 10 | 130,000 | 124,000 | 5,600 | 0) 0 
GNAc-1-P....| 10 | 922,000 | 915,000 | 6,650 | 0; 0 

TaBLe III 


Requirements of hyaluronic acid-synthesizing system 
Cells were subjected to sonic disruption in 0.05 mM PO,, pH 7.0, 
for 15 minutes and centrifuged for 10 minutes at 10,000 X g. All 
tubes contained 0.75 ml. of the supernatant enzyme in a total 
volume of 1.5 ml. including the following: PO,, pH 7.0, 75 umoles; 
UDP-GA-H? (5.8 X 105 ¢.p.m.), 1 umole. 
of GNAc-1-P was used. 


An impure preparation 





Radioactivity 





UDP-GNAc | GNAc-1-P | MgCl ATP | of hyalurons 
ac 

| pmole pmole pumoles umole C.p.m./mg. 
is 1.0 0.64 10 1.0 0 
2 1.0 0.64 10 1.0 700 
3 0 0.64 10 1.0 3 
1.0 0 10 1.0 530 
+) 1.0 0.64 0 1.0 13 
6 1.0 0.64 10 0 520 


at the beginning of the experiment; all 
others were incubated at 37° for 130 minutes before heating. 


the studies of Linker et al. (37) indicate that bacterial hyaluroni- 
dase produces unsaturation in the uronic acid portion of the disac- 
charide, it was to be expected that hyaluronic acid synthesized 
from UDP-glucuronic acid-H*® would yield H*OH when hydro- 
lyzed by clostridial hyaluronidase. It is improbable that H*OH 
would be released by hydrolysis of hyaluronate labeled in the 
hexosamine portion of the molecule. The results of these ex- 
periments not only confirm the previous conclusions regarding 
the localization of tritium in various samples of hyaluronate, but 
lend support to the thesis of Linker et al. (37) that unsaturation 
in the uronate moiety is produced by the action of bacterial 
hyaluronidases on hyaluronate. The relative ease of obtaining 
tritiated compounds (23) combined with the use of enzymes caus- 
ing a similar unsaturation on other mucopolysaccharides (38) 
indicate the possibility of measuring polysaccharide biosynthesis 
by a very much simplified procedure. 

Requirements for Synthesis of Hyaluronic Acid—The data in 
Table III demonstrate an absolute requirement for UDP-N- 
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Fig. 1. Effect of UDP-GA concentration on incorporation of 
GNAc-H? from GNAc-1-P-H? into hyaluronic acid (HA). The 
10,000 X g supernatant fraction was obtained as in Table V (time 
of sonic disruption, 30 minutes). All tubes contained 0.75 ml. of 
the 10,000 X g supernatant fraction in a total volume of 1.5 ml. 
including the following in uymoles: PO., pH 7.0, 75; cysteine, 3.75; 
MgCle, 10; GNAc-1-P-H?, 0.097 (8.04 X 105 ¢.p.m.); UDP-GNAce, 
1.0; ATP, 1.0. Incubation time was 2 hours at 37°. 
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Fic. 2. Effect of metal ion concentration on incorporation of 


GNAc-H? from GNAc-1-P-H’ into hyaluronic acid. The 10,- 
000 X g supernatant fraction was obtained asin Fig.1. Additions 


were the same as in Fig. 1, except 1 umole of UDP-GA was used 
and the metal ion concentration was varied as indicated. Incu- 
bation time was 2 hours at 37°. The protein content of each tube 
was 2.9 mg. 


acetylglucosamine and MgCl, and a relative requirement for 
N-acetylglucosamine-1-P and ATP. Since UDP-glucuronate-H® 
was the source of radioactivity in these experiments, the de- 
pendence on the presence of this compound could not be estab- 
lished. However, as illustrated in Fig. 1, with N-acetylglucosa- 
mine-1-P-H? as a radioactive precursor, there is a 6-fold increase 
in radioactivity of hyaluronate with increasing concentrations of 
UDP-glucuronate. In other experiments there was no incorpora- 
tion of radioactivity from N-acetylglucosamine-1-P-H® in the ab- 
sence of added UDP-glucuronate. It is apparent that some ex- 
tracts either contain or can form small amounts of the latter 
compound. Column chromatography of boiled extracts of this 
strain of streptococcus revealed relatively large quantities of 
UDP-glucuronate compared to UDP-N-acetylglucosamine (20). 
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In view of the effect of penicillin on accumulation of uridine 
nucleotides (3-5), an attempt was made to determine whether 
this antibiotic affects hyaluronate synthesis. No effect was ob. 
served. 

Fig. 2 demonstrates that Mg++, Mn**, or Cot+* activate the 
hyaluronate-synthesizing system to varying degrees. At lower 
concentrations than shown in Fig. 2, Mn** is inactive although 
at 1 uM it is more effective than Mg*+. Addition of ethylene. 
diaminetetraacetic acid in 3-fold molar excess with respect to 
Mg++ completely abolishes hyaluronate synthesis. 

Fractionation of Enzyme System—Dialysis of the enzyme at 4° 
resulted in marked loss of activity, which could be prevented by 
the addition of 0.005 m cysteine. Centrifugation for 1 hour at 
105,400 X g results in the sedimentation of 85 per cent of the 
enzyme activity, indicating that the major portion of the enzyme 
system is particulate. 

Enzymes in 10,000 X g Supernatant Fraction of Sonic Extracts 
—Since absolute requirements for UDP-glucuronic acid and 
UDP-N-acetylglucosamine were established, it was possible to 
test for the presence of enzymes involved in the synthesis of these 
compounds. 

(a) UDP-Glucose Dehydrogenase—Table IV indicates that a 
combination of UDP-glucose and DPN replaces UDP-glucuron. 
ate. The presence of UDP-glucose dehydrogenase is thus dem- 
onstrated. This enzyme is not present in the washed particulate 
fraction obtained from the 10,000 xX g supernatant fraction, 
Previously this enzyme has been demonstrated in animals, plants, 
and bacteria (39-41). Repeated attempts to demonstrate UDP- 
glucose pyrophosphorylase, utilizing glucose-1-P, UTP, and DPN 
to replace UDP-glucuronic acid, were unsuccessful. Such re. 
sults, together with the simultaneous demonstration of UDP- 
glucose dehydrogenase and UDP-N-acetylglucosamine pyrophos- 
phorylase (below), indicate the nonidentity of UDP-glucose and 
UDP-N-acetylglucosamine pyrophosphorylases in this organism. 

(b) UDP-N-Acetylglucosamine Pyrophosphorylase—Table Y 
demonstrates that a combination of N-acetylglucosamine-1-P-H 
and UTP replaces UDP-N-acetylglucosamine. Neither GTP 
nor CTP substitute for UTP. The relatively high incorporation 
in this experiment without added UTP suggests that small 
amounts of UTP or UDP-N-acetylglucosamine were either pres 
ent or could be formed in this enzyme preparation. 

(c) Uridine Nucleoside Diphosphokinase—Table VI demon- 
strates that UDP and ATP substitute for UTP, in the absence of 
UDP-N-acetylglucosamine, indicating the presence of uridine 
nucleoside diphosphokinase. This enzyme has previously been 
found in yeast (42) and animal tissue (42, 43). These results 
suggest an explanation for the stimulation by ATP previously 
demonstrated. 

Function of N-Acetylglucosamine-1-P—The results presented 
indicate that the supernatant liquid from a 10,000 x g sonic e- 
tract contains UDP-N-acetylglucosamine pyrophosphorylase. 
This enzyme has been demonstrated by Maley et al. (22) and by 
Smith and Mills (8). The stimulation of isotope incorporation 
by N-acetylglucosamine-1-P in the presence of UDP-N-acety! 
glucosamine suggested the possibility of another role for the 
former. It should be noted that N-acetylglucosamine was found 
to stimulate chitin synthesis in crude preparations (14) and glt- 
cose was found to stimulate 8-1 ,3-glucan synthesis (17). 

In order to prepare an enzyme system free from UDP-N-acety!: 
glucosamine pyrophosphorylase, the active sediment obtained 
by high speed centrifugation was washed repeatedly. The te 





Septer 


Cells 
cystein 
10 mim 
natant 
includi: 
43.5; G 
Incuba' 


UD 


Cells 
cysteine 
10,000 > 
zyme in 
PO,, pk 
8.04 X 
GA, 1.0 


sults of 
this may 
tion fro 
UTP or 
responsi 
‘ompleti 
-P of j 
acetyl gh 
enzyme 
cosamin 
cosamini 
results ¢ 
that N-s 
synthesi 
mine, | 
with the 
it becam 
f hyalu 
pyropho 
other ex; 
UMP he 
Net S: 
results ¢ 
hyaluror 
‘rations. 











Vo. 9 


ridine 
1ether 
4S ob- 


te the 

lower 
hough 
ylene- 
ect to 


> at 4° 
ted by 
our at 
of the 
nzyme 





September 1959 





‘xtracts 
d and 
ible to 
»f these 


that a 
1cUuron- 
is dem- 
ticulate 
raction. 
plants, 
e UDP- 
id DPN 





uch re. 
 UDP- 
Tophos- 
ose and 
‘ganism. 
able V 
»-1-P-H 
er GTP 
poration 
at small 
her pres- 


demon- 
bsence of 
f uridine 
isly been 
se results 
reviously 


resented 
sonic ex- 
horylase. 
») and by 
poration 
’-acetyl- 
for the 
ras found 


and glu- 


/-acety!- 
)btained 


The re 


TasBie IV 
UDP-glucose dehydrogenase 
Cells were subjected to sonic disruption in 0.05 m PO,-0.005 m 
evsteine-0.025 m MgCle, pH 7.0, for 30 minutes and centrifuged for 
10 minutes at 10,000 X g. All tubes contained 0.75 ml. of super- 
natant enzyme (4.35 mg. of protein) in a total volume of 1.5 ml. 
including the following in wmoles: PO,, 75; cysteine, 3.75; MgClo, 
43.5; GNAc-1-P-H$, 0.097 (8.04 X 105 e.p.m.); UDP-GNAce, 1.0. 
Incubation time was 1 hour at 37°. 





Radioactivity of 


UDP-GA | UDP-G DPN hyaluronic acid 
pmole pmole umole c.p.m./mg. 
0 0 0 345 
1.0 0 0 5110 
0 1.0 0 810 
0 1.0 1.0 2970 
0 0 1.0 390 


TABLE V 
UDP-N-acetylglucosamine pyrophosphorylase 
Cells were subjected to sonic disruption in 0.05 m PO,-0.005 m 
cysteine, pH 7.0, for 60 minutes and centrifuged for 10 minutes at 
10,000 X g. All tubes contained 0.75 ml. of the supernatant en- 
zyme in a total volume of 1.5 ml. including the following in umoles: 
PO,, pH 7.0, 75; cysteine, 3.75; MgCl., 20; GNAc-1-P-H', 0.097 
8.04 X 10° ¢.p.m.); GNAc-1-P, 0.64 (impure preparation); UDP- 
GA, 1.0. Ineubation time was 2 hours at 37°. 


uTP | cTP GTP poe ao Fy 
umole pmole umole c.p.m./mg. 
1.0 0 0 6740 

0 1.0 0 280 

0 0 1.0 300 

0 0 0 350 


sults of experiments performed with preparations obtained in 
this manner are summarized in Table VII. The low incorpora- 
tion from N-acetylglucosamine-1-P-H* in the presence of either 
UTP or UDP-N-acetylglucosamine suggests that the enzyme 
responsible for formation of the latter has been largely, but not 
completely, removed. No stimulation by N-acetylglucosamine- 
|-P of incorporation of N-acetylglucosamine-H* from UDP-N- 
acetylglucosamine-H* was observed when this more purified 
enzyme was used. While it is possiblethat sufficient N-acetylglu- 
cosamine-1-P is produced by the remaining UDP-N-acetylglu- 
cosamine pyrophosphorylase, or some other mechanism, the 
results of this experiment do not lend support to the hypothesis 
that V-acetylglucosamine-1-P plays some role in hyaluronic acid 
synthesis other than as a precursor of UDP-N-acetylglucosa- 
mine. When the effect of UTP and pyrophosphate were studied 
with the particulate enzyme washed by centrifugation (Fig. 3) 
it beeame apparent that both compounds inhibited the synthesis 
f{ hyaluronate despite the fact that UDP-N-acetylglucosamine 
pyrophosphorylase was washed out of the preparation. In an- 
other experiment inhibition by UDP was also demonstrated, but 
UMP had no effect. 

Net Synthesis of Hyaluronic Acid—Table VIII illustrates the 
results of experiments which demonstrate the net synthesis of 
hyaluronic acid by both unwashed and washed particulate prep- 
‘rations. Table VIII, Experiment 2, indicates that there was at 
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TABLE VI 
Uridine nucleoside diphosphokinase 

The 10,000 X g supernatant fraction was obtained as in Table 
IV (time of sonic disruption, 60 minutes). All tubes contained 
0.75 ml. of the supernatant enzyme (2.20 mg. of protein) in a total 
volume of 1.5 ml. including the following in wmoles: PO,, pH 7.0, 
75; cysteine, 3.75; MgCle, 43.5; GNAc-1-P-H?, 1.097 (8.04 x 105 
e.p.m.); UDP-GA, 1.0. Incubation time was 1 hour at 37°. 


Radioactivity 


Tube No. UTP UDP ATP of hyaluronic 
acid 
pmole pmole pmole c.p.m./mg 

1 1.0 0 0 2140 
2 0 0 0 4 
3 0 1.0 0 2 
4 0 0 1.0 Ss 
5 0 1.0 1.0 450 


Tasie VII 
Incorporation of GN Ac-H® from UDP-GN Ac-H® and GN Ac-1-P-H® 
into hyaluronic acid in washed particulate preparations 

The enzyme for Experiment 1 was obtained as follows: the 
10,000 X g supernatant fraction, obtained as in Table VI, was 
centrifuged for 1 hour at 105,400 X g (average), the pellet taken 
up to the original volume in the same buffer solution in which the 
cells were disrupted, and recentrifuged for 1 hour at 105,400 X gq. 
The pellet was washed a second time in this fashion and finally 
resuspended in the buffer so that 0.75 ml. of the original 10,000 « g 
supernatant fraction was equivalent to 0.2 ml. ot the washed 
pellet. The enzyme for Experiment 2 was that of Experiment 1 
frozen, thawed, and washed two additional times. All tubes 
contained 0.2 ml. of the washed particulate enzyme in a final 
volume of 1.5 ml. including the following in wmoles; PO,, pH 7.0, 
75; cysteine, 3.75; MgClo, 43.5; UDP-GA, 1.0. 
was | hour at 37°. 


Incubation time 


Radioactivity of 


: , UDP GNA&c | hyaluronic acid 
Rt | SRE | GACH jowncse| ati | ore | 
c.p.m.) c.p.m.) Experi- |Experi 
ment 1 | ment 2 
umole umole umole pmoles pmole c.p.m./mg 
1 0 0 0 1.097 1.0 98 32 
2 0 0 0 1.097 0 3 
3 1.0 0 0 1.097 0 21 18 
4 0 1.0 1.0 0 0 2060 610 
5 0 1.0 0 0 0 2000 650 


least a 10-fold increase in nondialyzable uronic acid and hexosa- 
mine during the incubation. It is concluded that 90 per cent of 
the hyaluronate isolated from this preparation was synthesized 
in vitro. Analyses of the purified hyaluronate of Table VIII, 
Experiment 2, showed a hexosamine-uronic acid molar ratio of 
1.00:1.10. From 50 uwmoles of UDP-glucuronate a theoretical 
recovery of 18.9 mg. of hyaluronate is to be expected. It can be 
calculated from the data in Table VIII, Experiment 2, that a 
total net increase in nondialyzable uronic acid occurred equiva- 
lent to 7.5 mg. of hyaluronate. Thus, 40 per cent of the avail- 
able glucuronate became nondialyzable. Preliminary viscosity 
measurements by Dr. Martin B. Mathews, of this laboratory, 
indicate the molecular weight to be in the range of 10,000 to 
50,000. 

Attempts to demonstrate a primer effect of either hyaluronate 
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Fia. 3. Inhibition of the washed particulate hyaluronic acid- 
synthesizing system by UTP and pyrophosphate (P-P). The 
enzyme was prepared as in Table VII, Experiment 1. All tubes 
contained 0.5 ml. of the particulate enzyme in a final volume of 
1.5 ml. including the following in umoles: PO,, 75; cysteine, 2.5; 
MgCh, 50; UDP-GNAc-H?, 1.0 (1.2 X 10° ¢.p.m.); UDP-GA, 1.0. 
Incubation time was 2 hours at 37°. 


or testicular hyaluronidase treated material have been uniformly 
negative. Even in particulate preparations that have been 
washed four times and on which analyses indicate 0.15 ug. of 
nondialyzable uronic acid, no effect could be demonstrated of 
added hyaluronate on incorporation of N-acetylglucosamine-H® 
from UDP-N-acetylglucosamine-H into hyaluronate. 


DISCUSSION 


Studies of disaccharide synthesis indicate that the glycosyl 
group is transferred to acceptors which in all except one case 
(sucrose formation) (10) are phosphorylated sugars. The known 
examples of disaccharide formation may be indicated as follows: 


UDP-glucose + fructose — sucrose + UDP 


UDP-glucose + fructose-6-P — sucrose-P + UDP 


UDP-glucose + glucose-6-P = trehalose-6-P + UDP 


UDP-galactose + glucose-1-P =— lactose-1-P + UDP 


No mechanism has yet been suggested for the interaction of two 
uridine nucleotides to produce a disaccharide. If one assumes a 
mechanism for the initiation of polysaccharide synthesis similar 
to that for disaccharide formation, it might be expected that some 
chain initiator is involved. As already indicated, studies with 
the crude enzyme system demonstrated a stimulation of hyalu- 
ronic acid synthesis by N-acetylglucosamine-1-P in the presence 
of UDP-N-acetylglucosamine. This led to the speculation that 
the former might be a chain initiator according to the following 
scheme; 
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UDP-GA + GNAc-1-P = GA-GNAc-1-P + UDP 


UDP-GNAc + GA-GNAc-1-P = GNAc-GA-GNAc-1-P + Upp 


UDP-GA + GNAc-GA-GNAc-1-P = 
GA-GNAc-GA-GNAc-1-P + Upp 


This scheme envisages a unique disaccharide which is N-ace. 
tylhyalobiuronic acid phosphate to which are added alternate 
glucuronyl and glucosaminy] residues. Such a mechanism is at- 
tractive but the data in Table VII indicate that stimulation of 
hyaluronic acid synthesis by N-acetylglucosamine-1-P is lost on 
purification of the enzyme. A similar mechanism may involye 
primer (small molecular weight residues of hyaluronic acid), 
We have thus far been unable to demonstrate any primer require. 
ment in this system although trace amounts of uronic acid cop. 
taining material (as demonstrated by the carbazole method) are 


TaBie VIII 
Net synthesis of hyaluronic acid 

Experiment 1: The particulate enzyme preparation was ob. 
tained as in Table VII, Experiment 1, except that high speed cen- 
trifugation was carried out at 80,700 X g (average) and the high 
speed pellet was not washed. Both tubes contained 0.5 ml. of 
the resuspended pellet in a final volume of 1.5 ml. including the 
following in ypmoles: PO,, pH 7.0, 75; cysteine, 2.5; MgCl, 62; 
UDP-GA, 2.0; UDP-GNAc, 2.0; GNAc-1-P, 2.0; ATP, 1.0; UTP 
1.0. After the indicated incubation time at 37° both tubes were 
immersed in a boiling water bath for 5 minutes, cooled, brought 
to a volume of 4 ml., centrifuged at 2000 r.p.m. for 20 minutes, 
the supernatant decanted, and the pellet resuspended in 2 ml 
of H.O and centrifuged as before. The supernatant and washings 
were combined and dialyzed against running tap H.O and then 
against distilled HxO. Analyses were made on the dialyzed prep- 
arations without further purification. 

Experiment 2: The washed particulate enzyme preparation was 
obtained as in Table VII, Experiment 1. One tube contained 125 
ml. of the enzyme preparation in a final volume of 37.5 ml. in 
cluding the following in wmoles: PO,, pH 7.0, 1875; cysteine, 4; 
MgCl, 1094; UDP-GA, 50; UDP-GNAc, 50; GNAc-1-P, 20; ATP, 
25. After the indicated incubation times at 37°, 1.5 ml. samples 
were removed and treated as in Experiment 1. Analyses were 
made on the dialyzed preparations without further purificatior 
and are recorded in this table. The remainder of the incubated 
sample was boiled for 10 minutes and the hyaluronic acid isolated 
as described under ‘‘Materials and Methods’”’ with the following 
(b) After 
dialysis the material was concentrated to a volume of 5 ml. 
After the final purification step indicated under ‘Materials and 
Methods” the hyaluronic acid was passed over a 50 mg. Nort 
A-50 per cent stearic acid column, then over a Dowex 50-H 
column, and finally dialyzed. 


exceptions: (a) no carrier hyaluronic acid was added. 
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present in the washed particles. It is of interest to note that 
primer requirements have been demonstrated in the cases of 
chitin, cellulose, and glycogen synthesis. It is possible that in 
the case of hyaluronic acid synthesis small amounts of chain ini- 
tiators are tightly bound to enzyme. 

Irrespective of the nature of the chain initiator, it is necessary 
to face the problem of mechanism in the alternation of groups. 
Previous studies (44, 45) have suggested that certain group trans- 
fers involve optical inversion. Thus it is postulated that those 
instances in which optical configuration appears to be retained 
represent two transfer reactions, the first involving binding of 
the glycosyl group to the enzyme, and the second representing 
transfer from the enzyme to an acceptor. In other reactions, 
such as the phosphorolysis of maltose studied by Fitting and 
Doudoroff (44), a single inversion occurs. It is assumed under 
these conditions that transfer occurs between substrates with no 
intermediate binding of glycosyl groups to the apoenzyme. If 
these considerations apply to the biosynthesis of hyaluronic acid 
from uridine nucleotides, certain expectations may be enter- 
tained. Although there is no direct proof that the nucleotides 
are a-linked, this assumption is supported by both chemical and 
enzymatic evidence. Since the linkages in hyaluronic acid are 
8, it might be expected that one (or three) group transfers are 
involved. A possible mechanism could then be indicated as 
follows (Fig. 4). 

A single enzyme with three active sites is proposed. (A simi- 
lar mechanism might involve two enzymes with a similar spatial 
relationship on a particle. Such a supposition would probably 
require different sites for the uridine portions of the two nucleo- 
tides.) It is postulated that each of the uridine nucleotides may 
be bound at two sites, 7.e. UDP-glucuronic acid is bound at sites 
land 3 and UDP-N-acetylglucosamine is bound at sites 1 and 2. 
(A two point attachment of phosphoglycerate to phosphoglyc- 
erate kinase has previously been postulated by Biicher (46).) 
Sites 2 and 3 are able to bind N-acetylglucosamine and glucuronic 
acid, respectively. The combination of these acceptor groups 
with the enzyme does not involve a group transfer and thus does 
not result in inversion of this carbon atom. This is in keeping 
with the fact that no inversion of the acceptor group occurs in 
known examples of disaccharide synthesis via uridine nucleotides. 
Structure A in Fig. 4 indicates the state of the enzyme at the 
initiation of chain formation. X denotes a chain initiator which 
contains an N-acetylglucosamine moiety. (A similar mechanism 
may be written with glucuronic acid initially linked to the en- 
zyme.) In structure A, UDP-glucuronic acid is bound to the 
enzyme at sites 1 and 3. The initial reaction involves a forma- 
tion of the GA, .3 X linkage by a transfer reaction involving rup- 
ture of the anomeric C—O bond of glucuronic acid. On the 
basis of Koshland’s postulation, the resultant GA;.; X bond will 
be 8, conforming to the known structure of hyaluronic acid. 

Following the formation of structure B, UDP dissociates from 
the molecule as indicated in structure C. 

Structure C now contains the beginning of hyaluronic acid 
chain held to enzyme by a glucuronic acid residue on site 3 while 
sites 1 and 2 are available for the binding of a molecule of UDP- 
N-acetylglucosamine. The resultant compound (structure D) 
then reacts to add an acetylglucosamine residue to the non- 
reducing end of the chain, yielding the 8 1 — 4 linkage known to 
exist in hyaluronic acid (structure EZ). The hyaluronic acid 
chain remains bound to the enzyme through the acetylglucosa- 
mine residue. 





A. Markovitz, J. A. Cifonelli, and A. Dorfman 





Fig. 4. Representation of a possible mechanism of hyaluronic 
acid synthesis. The dark shaded balls represent glucuronic acid, 
the lighter balls N-acetylglucosamine, while the large ball repre 
sents UDP—. The black bead represents an oxygen atom. 
text for further explanation. 


See 


Such a mechanism not only explains alternation of groups but 
makes such orderly arrangement mandatory. Of particular in- 
terest is that such a mechanism could be extended to explain the 
formation of more complex chains which contain more than two 
different monosaccharide units. The formation of 8 linkages is 
also explained. 

Certain aspects of this mechanism are subject to experimental 
verification. It might be predicted that the addition of UDP-N- 
acetylglucosamine-H* or UDP-glucuronic acid-H’ to the enzyme 
in the presence of UDP will not result in labeling of inactive 
UDP since no binding of N-acetylglucosamine or glucuronic acid 
to the enzyme(s) through C-1 occurs. However, that one of the 
nucleotides, or both, is bound to the enzyme(s) is suggested by 
the finding that the enzyme(s) is stabilized in the presence of the 
nucleotides and Mg**. 

An alternative mechanism for the formation of hyaluronic 
acid might be the interaction of the two uridine nucleotides to 
form a disaccharide. The disaccharide must be linked to a phos- 
phate or nucleotide to furnish energy for glycoside bond forma- 
tion. Such a mechanism might be indicated as follows: 


UDP-GNAec + UDP-GA — GNAc-GA-UDP + UDP 
GNAc-GA-UDP + GNAc-GA-UDP — 
GN Ae-GA-GNAc-GA-UDP + UDP 


This would require the involvement of two enzymes, one for the 
formation of the disaccharide uridine nucleotide and a second 
for polymerization of disaccharide units to the polymer. Again, 
provision must be made for inversion of the —C—O bond in the 
formation of the polysaccharide. 
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No critical evidence is yet available to choose between these 
mechanisms. The pathway through a disaccharide is less gen- 
eral since it is not applicable to synthesis of more complex poly- 
mers. Preliminary studies have revealed no evidence of the 
existence of intermediates in the reaction mixtures. 


SUMMARY 


An enzyme that catalyzes the synthesis of hyaluronic acid 
from uridine diphosphoglucuronic acid and uridine diphospho- 
N-acetylglucosamine can be extracted from a strain of group A 
streptococcus after sonic disruption. The synthesis, which re- 
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quires Mg++, Mn++, or Co*+*+, was demonstrated with tritium- 
labeled precursors, and the product was found, by specific cleg- 
radations, to be labeled in the appropriate corresponding portion. 
Net synthesis has been demonstrated. N-Acetylglucosamine 
l-phosphate appears to be incorporated into hyaluronic acid 
only via uridine diphospho-N-acetylglucosamine. No inhibition 
by penicillin was observed. The activity of the cell-free extract 
sediments at 80,000 x g but not at 10,000 x g. 


Acknowledgment—The technical assistance of Mr. Minoru 
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During the course of studies designed to elucidate the mecha- 
nism by which ribonucleotides are converted to deoxynucleotides 
in extracts of Escherichia coli, cytosine triphosphate was used 
as a possible precursor of deoxyribonucleotides. With this 
compound, labeled with P® in the acid-stable phosphate group 
(cytidine-P*-P-P), it was observed that radioactivity was 
incorporated into an acid-insoluble form which would be rendered 
acid-soluble by DNase treatment. Investigation of this system 
had led to the finding that a ribonucleotide, as such, is fixed 
adjacent to a deoxynucleotide in a polynucleotide chain. It is 
the purpose of this communication to describe this observation 
in detail. 


EXPERIMENTAL 


The following materials were obtained commercially: glucose 
6-phosphate dehydrogenase, hexokinase, ATP, CTP, GTP, UTP, 
CDP, dAMP,? dGMP, dTMP, dCMP, crystalline pancreatic 
DNase, crystalline pancreatic RNase, and streptomycin sulfate. 
dGTP, dCTP, and dTTP were prepared as described by 
Lehman et al. (2). dATP was prepared enzymatically by the 
action of muscle myokinase (3) on dAMP (4). The conditions 
were as follows: glycylglycine buffer, pH 7.5, 250 umoles; acetyl 
phosphate, 400 umoles; MgCle, 100 umoles; ADP, 10 umoles; 
dAMP, 100 umoles; mercaptoethanol, 2.5 wmoles; acetokinase, 
20 units; and myokinase, 20 units, in a total volume of 7 ml. 
The reaction mixture was incubated at 38° and, at various times, 
aliquots were removed and heated at 100° for 2 minutes. dATP 
as well as ATP was measured by the combined action of hexo- 
kinase and glucose 6-phosphate dehydrogenase (5). On the 
basis of this assay, 74 umoles of dATP and ATP were present 
after 60 minutes of incubation. The added ribonucleotide was 
oxidized by periodate as follows: The entire reaction mixture was 
treated with 100 umoles of sodium m-periodate and the course 
of the oxidation was followed by the decrease in ultraviolet 
absorption at 280 my (6). After 30 minutes, there was no further 
reaction and 100 umoles of glucose were added to remove the 
excess periodate. The reaction mixture was adjusted to pH 10 
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with glycine buffer and incubated overnight at 38°. dATP was 
then obtained chromatographically (2). The final yield was 62 
umoles, based on ultraviolet absorption as well as on the hexo- 
kinase, glucose 6-phosphate dehydrogenase assay. 


Preparation of Cytidine-P**-P-P 


Two procedures were used for the preparation of CMP®. 
The first depended on the biological isolation of CMP® from E. 
coli RNA and the second was a chemical synthesis starting with 
cytidine. 

A. Biological Preparation—The growth media and levels of 
radioactivity used were as described by Lehman et al. (2). The 
washed cells were suspended in 20 ml. of 5 per cent cold trichloro- 
acetic acid for 30 minutes and then centrifuged; this procedure 
was repeated once. The residue was triturated with 20 ml. of 
ethanol-ether mixture (3:1) and incubated at 37° for 30 minutes. 
The suspension was then centrifuged and the precipitate was 
dried over KOH in a vacuum. The dry, white powder was 
suspended in 20 ml. of 2 m NaCl, neutralized to pH 7.5 with Tris 
buffer, and heated at 100° for 1 hour. This procedure extracted 
more than 90 per cent of the radioactivity present. The super- 
natant was acidified to pH 2.0 and the precipitate containing 
both RNA and DNA was collected by centrifugation. In order 
to separate DNA from RNA, selective degradation of the DNA 
by pancreatic DNase was performed. The precipitate was 
suspended in 5.0 ml. of H,O and carefully neutralized to pH 7.5. 
To this solution 250 umoles of Tris buffer, pH 7.5, 100 umoles of 
MgCl, and 50ug. of crystalline pancreatic DNase were added. 
After 2 hours at 38°, approximately 30 per cent of the total radio- 
activity became acid-soluble. Further incubation did not in- 
crease this yield measurably. The reaction was terminated by 
the addition of n HCl to adjust the pH of the solution to 2. The 
precipitate consisted mainly of RNA, whereas the supernatant 
solution contained the acid-soluble polydeoxynucleotides. The 
latter were converted to the corresponding 5’-deoxynucleotides 
with purified snake venom phosphodiesterase and isolated by 
chromatography on Dowex 1 Cl- by the method of Cohn (7). 

The degradation of RNA to 5’-nucleotides was carried out with 
snake venom diesterase (8). This procedure requires prolonged 
incubation and it is imperative that the phosphodiesterase 
preparation employed contain as little detectable 5’-nucleotidase 
activity as possible. The enzyme preparation described by 
Koerner and Sinsheimer (9) has proved satisfactory for this 
purpose. The procedure used for this degradation was as fol- 
lows: The RNA precipitate was suspended in 5 ml. of water and 
adjusted to pH 8; 200 umoles of glycine buffer, pH 8.4, 100 





2352 Ribonucleotides into Polydeoxynucleotide Material Vol. 234, No. 9 


pumoles of MgCl, and 45 units of phosphodiesterase* were added. 
The course of the formation of 5/’-nucleotides was followed 
periodically by removing aliquots and subjecting them to the 
action of purified 5’-nucleotidase (10) free of diesterase activity. 
Usually, after 12 hours of incubation, about 90 to 95 per cent of 
the radioactivity present was not adsorbed to Norit after incuba- 
tion with 5’-nucleotidase. Included in this value was approxi- 
mately 10 per cent orthophosphate formed during the course of 
the diesterase treatment, apparently as a result of the presence 
of phosphatase activity. The reaction mixture was diluted to 25 
ml. with water and chromatographed on Dowex 1 Cl- (2). The 
5’-nucleotides appeared in the following order: CMP, AMP, 
UMP, and GMP. Approximately 1.5 to 2 uwmoles of each 
nucleotide were obtained and the specific activity varied from 
6.3 to 8 X 10’ c.p.m. per umole when measured with a gas flow 
counter of approximately 50 per cent efficiency. Each of the 
nucleotides was contaminated with deoxynucleotides to the 
extent of 1 to 5 per cent. The deoxynucleotides were separated 
from the ribonucleotides by chromatography on paper in borate- 
NH;-isopropanol solvent (20 parts 0.1 m boric acid, 10 parts 
concentrated NH,OH, and 70 parts isopropanol). 

B. Chemical Preparation of CMP®—This method was sug- 
gested by Dr. G. Khorana and consisted of converting cytidine 
with P*-labeled polyphosphoric acid to CMP”; 15 me. of P® 
and 0.02 ml. of 85 per cent phosphoric acid were combined, 
dried under vacuum, and finally left over P.O; and solid KOH, 
in a vacuum, overnight. The yellowish oil was heated at 250° 
for 20 minutes to convert it to polyphosphoric acid. The heating 
and subsequent operations were all carried out in a tube which 
could be readily stoppered. To the cooled polyphosphoric acid, 
25 mg. of solid cytidine sulfate were added and the mixture was 
incubated at 60° for 3 to 4 hours, with intermittent mixing. 
After this period the mixture was diluted, neutralized to pH 7.5 
with NH,OH, and chromatographed on Dowex 1 Cl- resin (7). 
The CMP was eluted far in advance of inorganic phosphate with 
0.003 m HCl. Usually from 6 to 10 umoles of CMP (5’, 3’, and 
2’ derivative) were obtained, with a specific activity varying 
between 2 and 4 X 10’ ¢.p.m. per umole. The 5’-CMP was 
separated from the 3’- and 2’-CMP by paper chromatography 
(Whatman No. 3MM) in the borate-NH;-isopropanol solvent. 
Approximately 50 per cent of the CMP formed in the above 
synthesis consisted of the 5’-derivative. The 5/-derivative was 
eluted from paper and the borate was removed by repeated 
concentration under reduced pressure in the presence of metha- 
nolic HCl. 

The CMP was converted to CTP by the combined action of 
a kinase which specifically converts CMP to CDP (see below) 
and nucleoside diphosphokinase (11, 12) which converts CDP 
to CTP. The reaction mixture consisted of the following in a 
total volume of 8.0 ml.: 4 umoles of CMP®, 50 wmoles of acetyl 
phosphate, 250 umoles of Tris buffer, pH 7.5, 1.4 wmoles of 
mercaptoethanol, 2 umoles of ATP, 40 units of acetokinase, 10 
pmoles of MgCle, 0.02 ml. of a muscle fraction rich in nucleoside 
diphosphokinase activity (13), and 0.02 ml. of an ammonium 
sulfate fraction of CMP kinase (see below). The kinase reac- 
tion was followed by the semen phosphatase assay (2). After 90 
minutes of incubation all of the added radioactivity was absorbed 
by Norit, even after subsequent incubation with semen phos- 
phatase. The reaction mixture was diluted to 50 ml. and 


8’ This amount of enzyme will release 45 umoles of mononucleo- 
tides per hour from a pancreatic DNase digest of thymus DNA. 


chromatographed on Dowex | columns (2 per cent cross-linked, 
chloride form). CMP and CDP were eluted with 0.01 m Liq 
plus 0.01 m HCl, with the latter appearing between 8 to 12 resip 
bed volumes whereas CMP appeared between 3 to 5 resin bed 
volumes. CTP was eluted with 0.08 m LiCl plus 0.01 m HC! and 
appeared between 9 to 13 resin bed volumes after the change of 
solvent. The yield of CTP varied between 90 and 95 per cent 
of the 5’-CMP added. The CTP was concentrated by barium 
precipitation and decomposed with Dowex 50-K* (2). 

Preparation of UTP (Uridine-P*P-P)—Radioactive UTP 
was prepared from labeled CTP by the action of nitrous acid, 
To 1 umole of CTP (cytidine P*-P-P), 1 gm. of NaNO» and | 
ml. of concentrated glacial acetic acid were added. After 1 hour 
at room temperature the mixture was adjusted to pH 8 with 2 y 
LiOH; 100 uwmoles of barium acetate and 1 volume of ethanol 
(—10°) were added. After 60 minutes at 0°, the precipitate 
was collected and decomposed with Dowex 50, and the solution 
was chromatographed on Dowex 1 Cl-. The initial eluting agent 
was a solution of 0.08 m LiCl plus 0.01 m HCl, which served to 
remove any unreacted CTP as well as UDP. Approximately 30 
resin bed volumes of effluent were collected and the solvent was 
changed to 0.2 m LiCl plus 0.02 M HCl. UTP appeared after 
8 to 13 resin bed volumes were collected. The UTP was precipi- 
tated by the addition of barium acetate and ethanol and was 
decomposed with Dowex 50 as described above; 0.46 umole of 
UTP was obtained with a 250 to 260 my ratio of 0.75 and a 280 
to 260 my ratio of 0.40. 

Preparation of Cytidine-P-P*-P*—Acetyl phosphate labeled 
with P® was prepared as described by Kornberg et al. (14), 
Cytidine-P-P*-P* was prepared as described above with the 
exception that only 10 umoles of acetyl phosphate, 5 umoles of 
CMP, and 1 pmole of ATP were used. The above procedure 
yielded 1.8 umoles of CTP after chromatography. 

Thymus DNA was prepared as described by Kay et al. (15). 
The final preparation was dissolved in 0.1 m NaCl and stored as 
such at concentrations of 1 to 5 mg. per ml. 

Preparation of CMP Kinase—Lehman et al. (2) have described 
the preparation of an enzyme fraction from £. coli which is 
capable of converting (CMP, dGMP, dTMP, and dAMP to the 
corresponding nucleoside triphosphates. During the course of 
this investigation, more purified enzyme preparations reacting 
with dCMP were required and for this reason the purification 
procedure outlined below was developed. The assay used was 
the following: 10 wmoles of potassium phosphate buffer, pH 7.0, 
2 umoles of MgCle, 0.3 umole of ATP, 0.01 umole of dCMP®, 
enzyme, and water in a total volume of 0.15 ml. Incubation was 
carried out for 15 minutes at 38°, after which the reaction mixture 
was diluted to 0.5 ml. and heated in a boiling water bath for 2 
minutes. Then 0.1 ml. of 2 m acetate buffer, pH 5.0, 0.1 umole 
of dCMP, and semen phosphatase were added. After 30 minutes 
at 38°, the reaction mixture was acidified and treated with 0.1 
ml. of 30 per cent Norit suspension, and the charcoal was washed 
three times. The radioactivity absorbed to charcoal was 4 
measure of the nucleoside monophosphate converted to the 
corresponding nucleoside di- and triphosphate. A unit of activ- 
ity was defined as the conversion of 1 mumole of dCMP to 
dCDP (or dCTP) per hour. Protein was measured by the 
procedure of Sutherland et al. (16). E. coli strain B was grown 
as described below; 14 gm. of cells (wet weight) were suspendel 
in 70 ml. of water and exposed for 15 minutes in a Raytheon 
10-ke. oscillator. From the suspension which was centrifuged 
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at 10,000 x g for 30 minutes a turbid supernatant solution was 
obtained (total units, 107,000; specific activity, 100); 68 ml. of 
the crude extract were treated with 3.4 ml. of 1 m MnCl, and 
after 15 minutes at 0° the precipitate was removed by centrifuga- 
tion. The supernatant solution (71 ml.) was diluted to 142 ml. 
with water, and 1.42 ml. of 2 m sodium acetate buffer, pH 5.0, 
were added. To this mixture 42.5 ml. of acetone (—15°) were 
rapidly added to bring the solution to 23 per cent with respect to 
acetone (volume for volume) and the precipitate was collected 
by centrifugation at 10,000 x g. The supernatant solution (180 
ml.) was then treated with 97 ml. more of acetone (50 per cent 
with respect to acetone) and the precipitate was collected as 
above. Both precipitates were dissolved with 15 ml. of 0.01 m 
Tris buffer, pH 7.3.4 The 50 per cent acetone fraction contained 
the bulk of the cytidylate kinase (total units, 50,000; specific 
activity, 700). The acetone fraction (15 ml.) was diluted with 
an equal volume of water and fractionated with liquid ammonium 
sulfate (saturated at 0°). Two fractions were collected by the 
addition of 28 ml. of ammonium sulfate (48 per cent saturation, 
volume for volume) and 13 ml. of ammonium sulfate (58 per 
cent, volume for volume). The latter was dissolved in 5 ml. of 
water and contained 37,400 total units with a specific activity 
of 2500. During the course of purification as well as in stability 
studies, the kinase activity for both CMP and dCMP was 
identical, which suggested that these are acted upon by the same 
enzyme. Recently, this has also been reported for the enzyme 
purified from Azotobacter vinelandii (17). The properties of the 
enzyme activity were as follows: pH optimum, 7.0; K, for ATP, 
1 x 10-4 m; K, for Mg**, 1 x 10° m. ATP concentrations 
greater than 1 wmole in 0.15 ml. of reaction mixture produced 
marked inhibition. Thus, when 2 umoles were used, 60 per cent 
inhibition was obtained, whereas with 5 wmoles of ATP nearly 
95 per cent inhibition occurred. The final preparation remained 
contaminated with myokinase activity and small amounts of 
nucleoside diphosphokinase. 


‘During the course of this purification it was noted that the 
fraction precipitating at 23 per cent acetone was rich in dTMP 
kinase, whereas negligible dGMP kinase activity was detected in 
acetone fraction. On the basis of this observation, it was con- 
cluded that separate kinase activities existed for (CMP, dGMP, 
and dTMP. The dTMP kinase was further purified by ammo- 
nium sulfate fractionation. In a typical fractionation, 15 ml. of 
the 0 to 23 per cent acetone fraction was frozen and thawed three 
times. This procedure resulted in considerable precipitation of 
inactive protein, which was discarded after centrifugation. The 
clear supernatant solution was diluted 2-fold by the addition of 
water and brought to 50 per cent saturation with solid ammonium 
sulfate (29.1 gm. of ammonium sulfate per 100 ml. of solution) ; 
the supernatant solution was then brought to 65 per cent satura- 
tion (9.2 gm. per 100 ml.), and finally brought to 75 per cent satura- 
tion (6.3 gm. per 100 ml.). The precipitates were dissolved in 4 
ml. of water. A summary of the purification procedure was as 
follows : 

Crude extract: total units, 50,000; specific activity, 148. 

Acetone fraction: total units, 22,000; specific activity, 1730. 

Ammonium sulfate (50 per cent): total units, 2400; specific ac- 
tivity, 880. 

Ammonium sulfate (65 per cent): total units, 10,000; specific 
activity, 3600. 

Ammonium sulfate (75 per cent): total units, 3000; specific 
activity, 2100. 

The final preparation (50 to 65 per cent ammonium sulfate frac- 


tion) has retained its initial activity over a 4-month period when 
stored at —10°. 





J. Hurwitz 
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Enzymatic Assay of Ribonucleotide-incorporating Activity 


The reaction mixture (0.3 ml.) contained 5 mumoles of dATP, 
dGTP, dTTP, and CTP (cytidine-P*-P-P); 0.5 umoles each of 
MnCl; and MgCl; 20 uwmoles of Tris buffer, pH 8; 15 yg. of 
thymus DNA; and varying amounts of enzyme. The reaction 
mixture was incubated for 30 minutes at 38°, after which 0.5 
mg. of “carrier” DNA and 0.1 ml. of cold 7 per cent HClO, 
were added. The acid-insoluble material was collected by 
centrifugation and resuspended by homogenization with 2 ml. 
of 0.01 m NaOH. The solution was then acidified and the 
precipitate was collected. This procedure was repeated two 
more times and the precipitate was finally suspended in 0.4 ml. 
of 0.5 m Tris buffer, pH 7.5, and 0.05 ml. of 0.1 m MgCl. The 
DNA was rendered acid-soluble by the addition of 10 yg. of 
pancreatic DNase. After a 30-minute incubation, 0.1 ml. of 7 
per cent HClO, was added and the mixture was centrifuged. 
Aliquots of the supernatant were plated on metal planchets and 
radioactivity was measured. 

This procedure was routinely used during the assay of crude 
extracts. After the ammonium sulfate fractionation (see below) 
it was found that all the radioactivity present in the acid-insolu- 
ble material was liberated by DNase digestion, and when later 
enzyme fractions were used the final DNase step as described 
above could be omitted. Incubation vessels containing boiled 
enzyme fractions or, as in the case with more purified fractions, 
lacking DNA or Mg**, served as control tubes. In all cases, the 
control values were between | to 3 per cent of the experimental 
values. A unit of enzyme was defined as the amount causing the 
incorporation of 1 mumole of labeled ribonucleotide into the 
acid-insoluble product in 30 minutes at 38°. The specific activ- 
ity was expressed as units per milligram of protein (16). 

With the final fraction obtained as described below (pH 5.0 
precipitate), the reaction proceeded linearly for 60 minutes. 
Thus, with 15 wg. of protein, 0.29, 0.55, and 0.8 myumole of 
cytidine-P*-P-P were incorporated into an acid-insoluble form 
in 20, 40, and 60 minutes, respectively. Within limits the reac- 
tion was directly proportional to enzyme concentration. With 
5, 10, and 20 ug. of protein (pH 5.0 precipitate) 0.25, 0.46, and 
0.94 myumoles of cytidine-P*-P-P were fixed in 30 minutes. 
Under the conditions used above, the maximal incorporation 
found was approximately 30 per cent. Increasing the enzyme 
concentration in order to increase the yield of CMP* fixed 
invariably resulted in a decrease in the incorporation of isotope. 
This was most likely due to nuclease activity present in the pH 
5.0 precipitate. 


Purification of Ribonucleotide-incor porating Activity 


E. coli strain B was grown on a medium containing 1.1 per 
cent K,HPO,, 0.85 per cent KH.PO,, 1 per cent Difco yeast 
extract, and 1 per cent glucose. Cultures were grown with 
vigorous aeration and harvested about 1 to 2 hours after the 
end of exponential growth in a Sharples supercentrifuge. The 
cells were washed by suspension in 0.5 per cent NaCl-0.5 per 
cent KCl (300 ml. per 100 gm. of packed wet cells) and stored 
at —10° for as long as 4 months. The subsequent operations 
were carried out between 0° and 3° unless specified. 

Preparation of Crude Extract—Cells (200 gm.) were suspended 
in 800 ml. of 0.01 m Tris buffer, pH 7.5, and disrupted by treat- 
ment for 15 minutes in a Raytheon 10-ke. oscillator. The sus- 
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pension was centrifuged at 10,000 x g for 30 minutes and the 
turbid supernatant solution was collected by decantation. 

Streptomycin Sulfate Fraction—The crude extract (835 ml.) 
was diluted with an equal volume of water and treated with 
83.5 ml. of 5 per cent streptomycin sulfate. After 15 minutes 
the precipitate was collected by centrifugation at 10,000 x g. 
The highly viscous precipitate was homogenized in a Waring 
Blendor with 200 ml. of 0.02 m potassium phosphate buffer, 
pH 7.4, for 10 minutes. This suspension was centrifuged for 2 
hours at 80,000 xX g in a Spinco model L centrifuge and the 
supernatant fraction (236 ml.) was collected. This fraction was 
then incubated with 2 ml. of 0.1 m MgCl, and 25 yg. of pancreatic 
DNase for 5 hours at 38°. During this period approximately 90 
per cent of the ultraviolet-absorbing material became acid- 
soluble. This suspension was then dialyzed for 12 to 14 hours 
against 6 1. of 1 X 10-5 m mercaptoethanol (streptomycin sulfate 
fraction, 234 ml.). 

Ammonium Sulfate Fractionation—The streptomycin sulfate 
fraction was treated with solid ammonium sulfate as follows: 
29.1 gm. of ammonium sulfate per 100 ml. of solution were 
added and, after 15 minutes, a heavy precipitate was collected. 
To the supernatant solution 23 gm. of ammonium sulfate per 
100 ml. of solution were added and the small precipitate was 
collected. Both precipitates were dissolved in 15 ml. of water. 
The activity is usually exclusively associated with the second 
ammonium sulfate fraction, but occasionally the activity was 
equally distributed between the two ammonium sulfate fractions. 
This failure to fractionate the enzyme appears to be due to 
incomplete removal of ultraviolet-absorbing material during the 
digestion with DNase. For this reason, it is essential that about 
90 per cent of the ultraviolet-absorbing material be removed 
after the digestion with DNase. 


Preparation of pH 5.0 Precipitate 


The ammonium sulfate fraction was heated between 47° and 
50° for 60 minutes and the precipitate removed by centrifugation 
at 10,000 x g (heated fraction). The supernatant was dialyzed 
for 12 to 16 hours against 5 1. of 1 X 10-4 m mercaptoethanol, 
this solution was diluted 3-fold (14 ml. to 42 ml.) with water, 
and 0.05 ml. of 2 m sodium acetate buffer, pH 5.0, was added. 
After 15 minutes the precipitate was collected and dissolved in 
5 ml. of 0.05 m succinate buffer, pH 6.0. The ratio of absorption 
at 280 to 260 mu of the final preparation has varied from 1.2 to 
1.6. The preparation at this stage is moderately stable. After 
2 months of storage at —10°, approximately 70 per cent of the 
activity was retained. Further attempts at purification have 
been unsuccessful after this stage of purification. 

The purification procedure is outlined in Table I. The 
ribonucleotide-incorporating activity has been purified about 
100-fold with a 25 per cent yield. 


RESULTS 


The unique feature of the system described is the type of 
product formed. In contrast to RNA, the nondialyzable product 
shows a high degree of DNase susceptibility and in contrast to 
DNA, the material is hydrolyzed by both alkaline and RNase 
treatment (Table II). Less than 5 per cent of the total radio- 
activity present in the initial product migrated as mononucleo- 
tides in the isopropanol H.O-NH; solvent (18) after the indicated 
digestions were carried out. The bulk of the radioactivity 
remained close to the origin in all cases although there was 
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TaBLe I 
Purification of ribonucleotide-incorporating system 








| Total units* | fam ned 
NNER Caiow dios te See e wan oc 8000 | 0.2-0.5 
Streptomycin sulfate extract.......... 4000 | 2.2-5.0 
Ammonium sulfate fraction........ 3000 | 4.2-10 
I is dances iccnvacntiats | 2300 =| 11.8-25 
par GH procipatate. ....... 2.05.62... | 2000 


25-60 





* See text for definition of units. 


TaBLeE II 
Hydrolysis of product 


Preparation of product: 100 mumoles of cytidine-P*-P-P, 100 | 
mymoles of dGTP, 100 mumoles of dATP, 100 mumoles of dTPP, | 
75 wg. of thymus DNA, 0.21 umole of mercaptoethanol, 5 umoles of | 
Mg**, 5 wmoles of Mn**, 100 ug. of pH 5.0 precipitate, 200 umoles 


of Tris buffer, pH 7.5, in a total volume of 2.0 ml., were incubated 
for 180 minutes at 38°. The reaction mixture was then heated at 
70° for 5 minutes and dialyzed against 12 1. of 0.1 n LiCl for 48 
hours, and then against H.O for 24 hours. Aliquots were treated 
as follows: 2 umoles of Mg**, 25 umoles of Tris buffer, pH 7.5, and 
either RNase (1 ug.) or DNase (1 yg.), as indicated above, ina 
total volume of 0.5ml. The reaction mixtures were incubated for 
30, 60, and 120 minutes. The incubation was terminated by the 
addition of 0.1 ml. of 7 per cent HC1O, followed by the addition 
of 0.1 mg. of DNA carrier. The acid-insoluble material was 
washed three times with ice-cold dilute HClO, and finally dis- 
solved in 0.1 ml. of 1 m NaOH for plating and counting. In the 
case of NaOH treatment, aliquots were adjusted to 1 m or 0.1 ™ 
with respect to NaOH and incubated at 38° for 18 hours. This 
incubation was terminated by acidification followed by carrier 
addition as above. 














Treatment | Percentage of P# acid-soluble* 
RNase........ ; 60 
lS 90 
3 60 





* These results were obtained with aliquots plated after 30 min- 
utes of incubation. No further change was observed with longer 
incubation. 


definite movement of radioactivity (as measured by radio- 
autography) from the origin. In view of the limited knowledge 
concerning the relationships between size of polynucleotide 
chains and acid insolubility, the nature of the products produced 
during these digestions is unknown. 


Requirements of System 


Initially, either CMP-C™“ or CMP® was used as substrate. 
As the enzyme activities were further purified, the requirement 
for more than one fraction became evident. After heat treat 
ment (see above), CMP is no longer incorporated, but ful 
activity is restored by the addition of enzymes capable of con- 
verting CMP to CTP (CMP kinase and nucleoside diphospho 
kinase). In the presence of both kinases and the pH 5.0 precipi- 
tate, 0.3 mumole of radioactive substrate is incorporated into a0 
acid-insoluble form. In the absence of both kinases, no detect 
able activity was found in the acid-insoluble fraction, wheres 
if only nucleoside diphosphokinase was omitted, 0.10 mymol 
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was fixed. If CMP kinase was omitted this value dropped to 
0.03 mumole. In accord with this observation was the finding 
that CDP was only about 25 per cent as effective as CTP. 

Additional requirements of the system are summarized in 
Table III. The dependency of CTP fixation on the presence of 
DNA and dTTP, dATP, and dGTP became more evident as the 
system was purified. Pretreatment of DNA with pancreatic 
DNase reduces the incorporation below detectable levels. In 
addition the DNA requirement appears to be specific since it is 
not replaced by RNA. A variety of RNA preparations has been 
used without success. This list included: turnip yellow viral 
RNA, polyadenylic acid, polyuridylic acid, AGUC copolymer, 
E. coli RNA, and liver RNA.® In addition, the highly purified 
DNA-synthesizing system described by Lehman et al. (2) and 
Bessman et al. (19) is completely inactive as shown here. This 
high degree of specificity of the DNA “polymerase” is in agree- 
ment with the results reported by these authors. The latter 
system is completely specific for the deoxynucleoside triphos- 
phates, and is without any demonstrable activity when any one 
of the ribonucleoside triphosphates is used as a substrate, in 
place of the corresponding deoxysugar analogue. 

Further Requirements of System—Early attempts to purify the 
system invariably resulted in inactive preparations. This loss 
of activity was eventually found to be caused by the need for 
addition of Mn++ to the system. As summarized in Table IV, 
crude enzyme fractions are completely inactive in the absence 
of Mn++ but as more purified preparations were obtained after 
fractionation of the system this dependency on this metal ion 
became less absolute.6 For this reason the assay developed 
consisted of the addition of both Mgt+ and Mn++. Maximal 
activity is obtained with 0.5 umole of Mg*+ and 0.5 umole of 
Mn++. When the pH 5.0 precipitate fraction is employed the 
K, for Mg++ is 1.5 X 10-3 a. 

The system is saturated at relatively low concentrations of 
CTP. The maximal velocity of the reaction is obtained at 16 
uM substrate, and the K,, obtained as described by Lineweaver 
and Burk (20), is 8.7 X 10-*m. Increasing the CTP concentra- 
tion beyond saturation level has no effect on the reaction velocity. 

The DNA concentration required for optimal activity is 
approximately 42 wg. per ml. Increasing the DNA concentra- 
tion beyond this produced some inhibition. For example, with 
84 and 168 wg. of DNA per ml., 10 and 40 per cent inhibition of 
the reaction is obtained, respectively. 


Chemical Structure of Product 


In view of the complexity of the reaction mixture, it was first 
ascertained that the radioactivity incorporated by CTP fixation 
was exclusively in the cytidylate fraction of the acid-insoluble 
material. The 5’-mononucleotides were obtained after DNase 
and snake venom diesterase digestion. All of the radioactivity 
was recovered in the cytidylate fraction, with no detectable 
activity in the other nucleotides (Table V). When this cytidyl- 
ate fraction was chromatographed on paper in the presence of 
borate, the deoxynucleotide and ribonucleotide were readily 


* Some of these preparations were gifts from Dr.8. Ochoa. The 
term AGUC copolymer refers to RNA synthesized enzymatically 
which contains the four different ribonucleotides AMP, GMP, 
UMP, and CMP. 

‘It has recently been found that Mn** is an inhibitor of nu- 
tlease activity in extracts of E. coli and it is possible that the 
elect of Mn++ described above is primarily one of protecting poly- 
nucleotide linkage from the action of these hydrolytic enzymes. 


J. Hurwitz 


TaBLe III 
Requirements for CTP fixation 
The complete system contained 5 mumoles each of cytidine-P*- 
P-P, dATP, dGTP, and dTTP; 0.5 umole of Mg**; 0.5 umole of 
Mn**; 15 yg. of thymus DNA; 0.07 umole of mercaptoethanol; 
20 wmoles of Tris buffer, pH 8.0; 10 ug. of pH 5.0 precipitate. In 


the case where the DNA-polymerase was added, the pH 5.0 pre- 
cipitate was omitted. 











Additions | ae? Pa 
Complete system*.............. ..| 1900 | 0.50 
Omit one or all of dTTP, dATP, and 
dGTP... RTI ae 120-200 | 0.03-0.05 
Omit DNA......... el 0 <0.01 
TMV-RNA* in place of DNA.......| 0 <0.01 
Plus 0.5 wg. of DNase.......... 0 | <0.01 
DNA-polymerase in place of pH 5.0 
Re ee e 4 


<0.01 





* Tobacco mosaic virus-RNA. 


TaBLe IV 
Metal requirements of various enzyme fractions 
The conditions used were the same as those described in Table 
III. When Mg** and Mn** were used alone, 1 wmole of metal was 
added. The incubation mixture contained 28 ug. of ammonium 
sulfate fraction and 12 wg. of pH 5.0 precipitate, as indicated. 





5’-CMP® 
incorporated 


Enzyme fraction 





l 
Metal addition | 
| 


mumoles 


Ammonium sulfate Mn** plus Mg**| 0.24 
Mg** <0.01 
Mn** 0.22 
pH 5.0 precipitate Mn** plus Mg** 0.41 
\Mg** 0.28 
Mn** 0.09 

TABLE V 


Distribution of radioactivity of product among 5'-nucleotides 

The reaction product was prepared as described in Table II 
After dialysis 10 mg. of carrier DNA were added, 10 umoles of 
Mg**, and 50 ug. of DNase. After 60 minutes at 38° there was no 
further hydrolysis as measured by increase of optical density at 
280 mu. The reaction mixture was then digested with venom 
phosphodiesterase as follows: 30 wmoles of glycine buffer, pH 8.4, 
were added, 2 umoles of MgCl», and 100 units of venom diesterase. 
After 120 minutes at 38°, the reaction mixture was acidified and 
adsorbed to charcoal. The nucleotides were eluted by washing 
the charcoal four times with ethanol-NH;, and concentrated. A 
total of 16 optical density units containing 16,000 c.p.m. were 
subjected to paper electrophoresis for 2 hours in 0.05 mM ammonium 
formate buffer, pH 3.5. The areas corresponding to the nucleo- 
tides were removed and eluted with water before counting. 





Nucleotide isolated | 








Distance Total counts 
migrated per minute 
cm. 
5’-CMP.. Pn e wT 7 14,300 
5’-AMP.. 9.5 <100 
5’-GMP 14 |  <100 
5’-TMP.. 18 
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TaBLe VI 
Distribution of radioactivity between dCMP and CMP 
To the cytidylate fraction isolated as described in Table V, 
0.3 umole of carrier CMP and 0.3 umole of (CMP were added. 
The solution was then chromatographed in isopropanol-NH3- 
borate overnight. The CMP and dCMP areas were eluted with 
water and plated for radioactivity measurement. 








Total counts per minute 


CMP... mas ne sha F 14,000 
Re icc secs une eainion : ee ene <100 


separated. All of the P® was localized in the ribonucleotide 
area and none was detected in the deoxynucleotide fraction 
(Table VI). Thus, it appears that the ribonucleotide is fixed 
without conversion to the deoxynucleotide. 

On the basis of the above observation, it would be expected 
that ribonucleotide should be adjacent to deoxynucleotide. Two 
lines of evidence have been obtained which support this conclu- 
sion. 

A. Degradation of Product to 3'-Nucleotides—DNA was com- 
pletely degraded to the corresponding 3’-nucleotides by the 
combined action of a nuclease obtained from Micrococcous pyo- 
genes (21) and spleen phosphodiesterase (22). This procedure 
was first developed by Adler et al. (23). In this degradation 
the radioactivity initially introduced with CMP® is transferred 
to the adjacent nucleotides, as shown in Diagram 1. 


DIAGRAM 1 
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The arrow denotes the point where enzymatic hydrolysis occurs 


When this degradation was carried out, all of the 3’-nucleo- 
tides isolated contained radioactivity (Table VII). The com- 
pounds were identified by migration on paper during electro- 
phoresis and by their characteristic spectral properties. It was 
noted that the cytidylate fraction contained less radioactivity 
than the other nucleotides. On the basis of these observations 
(Table VII), it is concluded that the ribonucleotide is adjacent 
to the deoxynucleotides dAMP, dGMP, and dTMP.’ These 
results also indicate that the ribonucleotide fixation does not 
occur exclusively in a polynucleotide containing only CMP. 

B. Isolation of Dinucleotide@—A reaction mixture containing 
128 mumoles of cytidine-P*-P-P (specific activity, 2 x 117 ¢.p.m. 
per umole); 150 mumoles of dGTP, dATP, and dTTP; 500 ug. 
of DNA; 0.7 umole of mercaptoethanol; 20 umoles of Tris buffer, 
pH 8.0; and 100 ug. of pH 5.0 precipitate in a total volume of 
2.5 ml. was incubated for 180 minutes. The reaction was 
terminated by heating at 70° for 5 minutes and the solution was 
dialyzed for 48 hours against 12 1. of 0.1 m LiCl and for 24 hours 
against 6 1. of water. The dialyzed solution contained 8 x 10° 
e.p.m. of radioactivity. To this mixture 10 mg. of thymus 


7 It is probable that some of the radioactivity present in the 
3’-CMP area also included isotopic 3’-dCMP as well. 

8’ The author is indebted to Dr. R. Markham for aid in this 
isolation. 


DNA, 10 wmoles of MgCl, and 50 ug. of DNase were added. 
After 60 minutes at 38° the entire reaction mixture was chroma- 
tographed on Whatman No. 3MM paper in isopropanol-water- 
NH; solvent for 44 hours. Radioautograms showed the heaviest 
isotope concentration at the origin. Four discrete bands were 
visible in ultraviolet light. The third band from the origin was 
removed, eluted from the paper, and was found to contain 2000 
c.p.m. This material was separated into two distinct bands by 
paper electrophoresis at pH 3.5 in 0.05 m ammonium formate 
buffer for 2 hours. One contained 1640 ¢.p.m. and the other 
was devoid of radioactivity. The material of the slowest moving 
peak exhibited a spectrum resembling that of a mixture of 
eytidylate plus thymidylate, whereas the component of the 
nonradioactive peak had a spectrum of adenylate plus thymidy- 
late. The cytidylate-thymidylate component was treated with 
10 umoles of glycine buffer, pH 8.4, 1 umole of MgCl, and 1 
unit of snake venom diesterase, and was incubated for 30 minutes 
at 38°. The solution was acidified, then treated with charcoal 
and eluted from charcoal with two 3-ml. washings of ethanol- 
NH;. This solution was concentrated and then subjected to 
paper electrophoresis for 2 hours in 0.05 m ammonium formate 
buffer, pH 3.5, with dCMP and dTMP as reference markers. 
The location of bands at 6 and 17 em. from the origin in the case 
of the unknown, corresponded to that of the (CMP and dTMP 
reference compounds, respectively. Radioactivity (1150 c¢.p.m,) 
was located in the CMP area, with no detectable counts in the 
dTMP area. The material from the CMP area was eluted and 
carrier (CMP and CMP were added. The entire mixture was 
chromatographed in the isopropanol-NH;-borate solvent and 
radioactivity amounting to 1100 ¢.p.m. was found in the ribo- 
nucleotide area, whereas none was located in the deoxynucleotide 
area, 


TaBLe VII 
Degradation of product with micrococcal nuclease and 
spleen phosphodiesterase 
The product was prepared as described in Table II. After 120 
minutes at 38°, 10 mumoles of cytidine-P*-P-P were fixed. The 
entire DNA sample (containing 32,000 c.p.m.) was treated with 
50 umoles of glycine buffer, pH 8.4, 5 umoles of CaCl, 0.02 ml. of 
Micrococcus pyogenes nuclease. After 2 hours, 30 per cent of the 
isotope was susceptible to semen phosphatase. The pH of the 
reaction mixture was then adjusted to 6.0 with succinate buffer, 
and 0.1 ml. of spleen phosphodiesterase was added and the mix- 
ture was incubated at 38° for 2 hours. After this time 85 per cent 
of the radioactivity was hydrolyzed by semen phosphatase. The 
addition of more spleen phosphodiesterase did not increase the 
amount of radioactivity released by semen phosphatase. The 
solution was acidified and the nucleotides adsorbed to charcoal 
(0.2 ml. of a 30 per cent suspension); the nucleotides were ther 
eluted with two 3-ml. washings with ethanol-NH;. The solutior 
was then concentrated to dryness and an aliquot (8000 c.p.m 
was subjected to paper electrophoresis for 2.5 hours at pH 34 
The bands were clearly separated, and were eluted with 0.025 
HCl. 
Counts per 
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It is concluded that the ribonucleotide, CMP, is incorporated 
into a polynucleotide chain with a typical diester linkage formed 
between it and adjacent deoxynucleotides. 


Stoichiometry of Reaction 


In order to determine the over-all reaction in the system, a 
number of large scale experiments were carried out with labeled 
CTP. In these experiments, controls lacking a single deoxy- 
nucleoside triphosphate showed negligible incorporation of 
jsotope. It was found that for every ribonucleotide fixed into a 
nondialyzable form there were four nucleotides incorporated, as 
measured by the absorption density at 260 my. Thus, in two 
experiments, 12.8 and 14.6 mumoles of CTP were fixed, whereas 
optical density measurements at 260 my indicated 55.2 and 50 
mumoles of nucleotides had also been incorporated. It must 
be noted that these results are not caused by a net synthesis of 
polynucleotide material. In the control tubes, there is a marked 
decrease of nondialyzable ultraviolet-absorbing material due to 
nuclease activity. In the case of the complete system, this 
decrease in nondialyzable ultraviolet-absorbing material is not 
as pronounced. 


Separation of Activities after Passage through DEAE-cellulose 


Further attempts at purification of the CTP-fixing activity 
were unsuccessful. However by passing the heated fraction 
through DEAE-cellulose (24), only about 30 per cent of the 
activity was recovered in the effluent and washings (Table VIII). 
When these fractions were combined, the activity recovered 
approached 100 per cent. This observation suggested that at 
least two enzyme activities are required for CTP incorporation. 
In view of the deoxynucleoside triphosphate requirement, it 
seems most likely that one of these fractions would be the DNA 
polymerase and, as shown in Table IX, the combined action of 
the 0.4 m LiCl eluate and polymerase resulted in a marked 
stimulation of CTP incorporation. 

As described by Bessman et al. (19), maximal incorporation 
of deoxyribonucleotides into DNA catalyzed by polymerase is 
dependent on the presence of DNA, Mg*+, and the four deoxy- 
nucleoside triphosphates. As shown in Table III, ribonucleotide 
incorporation depended upon the addition of deoxynucleoside 


Tas_e VIII 
Separation of activities with DEAE-cellulose 

A column (9 X 1 em.?) was prepared from DEAE-cellulose, 
which had been initially washed with 2 m LiCl and then washed 
extensively with water; 2 ml. of the heated fraction was diluted 
to6 ml. with glycine buffer, pH 8.4, to give a final concentration 
of 0.02 m with respect to glycine, and the solution was passed 
through the column. The column was washed with 5 ml. of 0.1 
Mw, 0.15 Mm, 0.25 m, and 0.4m LiCl. 
in Table IIT. 


The assay used was as described 


Additions CTP fixed 


myumoles/30 min 
|, Heated fraction 


0.42 
2. Effluent 0.05 
3». 0.1m LiCl eluate 0.04 
4.0.15 m LiCl eluate 0.02 
). 0.25 m LiCl eluate 0.03 
04m LiCl eluate <0.01 
7. Nos. 2 through 6 combined 0.44 
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TaBLe IX 
’ requirement for CTP fixation 

The salt eluates were prepared as described in Table VIII. 
The ‘‘polymerase”’ fraction corresponded to Fraction VI (2) of 
the purification procedure developed for this enzyme. 


DNA “‘polymerase’ 





Experiment No. Additions CTP fixed 
mymoles /30 min 
l Effluent + 0.4 m LiCl eluate 0.27 
2 1 + polymerase (4 units). . .. 0.67 
3 Effluent + polymerase... 0.15 
4 0.4m LiCl eluate + polymerase 0.85 
5 Additions as in 4 + DNase (5 
pg.) <0.01 
6 Polymerase <0.01 
TABLE X 


dTTP fixation dependence on ribonucleotide addition 
The complete system contained additions as described in Table 
III, with the addition of 0.4 units of polymerase and 20 ug. of 0.4 
M LiCl eluate as indicated. 


Experiment No. Nucleotides added dTTP fixed 


mumoles/30 min 


1 Cytidine P*-P-P + dATP + 

dGTP + TTP 0.51 
2 Thymidine P*-P-P + CTP 4 

dATP + dGTP 0.52 
3 Additions as in 2, except omit 

CTP 0.05 
4 Additions as in 2, except omit 

dATP 0.03 
5 Additions as in 2, except omit 

polymerase 0.13 


triphosphates. The question arose whether deoxynucleotide 
incorporation could also be shown to be dependent on ribo 
nucleotide addition. As summarized in Table X, maximal 
incorporation of dTTP required the addition of CTP as well as 
the deoxynucleoside triphosphates dATP and dGTP. This 
reaction also required the presence of the CTP-fixing enzyme 
fraction (0.4 m LiCl eluate). 

It was noted (Table XI) that the addition of dCTP inhibited 
the incorporation of CTP. This effect could be reversed by the 
addition of large amounts of CTP. In addition the incorporation 
of radioactive CTP in a system in which ribonucleoside triphos- 
phates replaced the deoxynucleoside triphosphates was only 
about 20 per cent that found in the system containing the deoxy- 
nucleoside triphosphates and CTP. The possibility that the 
enzymatic activity in the former case was caused by the presence 
of small amounts of deoxynucleoside triphosphates is not ex- 
cluded. For this reason, the incorporation of radioactive CTP 
in the presence of the ribonucleoside triphosphates should be 
regarded as a tentative observation. 


DISCUSSION 


At present the biological significance of the incorporation of 
CTP into polynucleotide chains of DNA is not known. It is 
clear, however, that enzymatic reactions occur in extracts of 
E. coli in which the ribonucleotide, CMP, is incorporated into a 


polydeoxynucleotide chain. Further experiments indicate that 
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TaBLe XI 
Effect of various additions on CTP fixation 
All additions were as indicated in Table II. The concentration 
of nucleotides used in all cases was 5 mumoles except as indicated. 











Experiment No. Additions | CTP fixed 
mumole/30 min. 

1 CTP + dTTP + dATP + | 

SEEN | 0.52 
2 Additions as in 1 + dCTP (2.5 | 

DN hack henna cs 0.27 
3 Additions as in 1 + dCTP (5 | 

ee ener eee 0.16 
4 Additions as in 3 + UTP + 

gl DS: : a pre 0.16 
5 Additions as in 1 + ATP + | 

ek SS : 0.56 
6 CTP + ATP + UTP + GTP... 0.12 
7 CTP + ATP + GTP (omit 

Rs thet eels cesta S tess 0.03 








UTP can also be incorporated under similar conditions. In this 
case, however, dTTP must be omitted from the reaction mix- 
ture. Earlier experiments with C-labeled AMP and GMP also 
suggest that they too are incorporated providing the corre- 
sponding deoxynucleotides are omitted. 

Whether it will be possible to combine all four ribonucleoside 
triphosphates and synthesize an RNA chain attached to a 
polydeoxynucleotide chain still remains an open question. It is 
clear from the results shown in Table XI (Experiment 6) that 
the enzyme preparations used do not catalyze this type of reac- 
tion. It is possible that in order for this reaction to occur 
specific enzymes for each ribonucleoside triphosphate must be 
present. 

The mechanism whereby CTP is incorporated into a poly- 
deoxynucleotide chain is at present obscure. When cytidine- 
P-P*-P* is used as substrate, both radioactive pyrophosphate 
and orthophosphate are found in the products. In view of the 
presence of small amounts of nucleoside diphosphokinase in the 
enzyme fractions used, it is possible that radioactive pyrophos- 
phate arises from deoxynucleoside triphosphate by the action of 
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DNA polymerase. Pyrophosphate has been clearly established 
as a product of this reaction (19). 

Assay of the purified enzyme preparation for polynucleotide 
phosphorylase disclosed the presence of the enzyme in the pH 
5.0 precipitate. This assay depends upon an exchange reaction 
between P® and CDP (25, 26). On this basis, the preparation 
catalyzed the exchange at a rate of 255 mymoles per ml. of 
enzyme in 30 minutes. On the other hand, the same preparation 
incorporated CTP into DNase-sensitive material at a rate of 
200 mumoles per ml. The ratio of phosphate exchanged in CDP 
to CTP incorporated into polydeoxynucleotide material was 
thus 1.27. A less purified enzyme fraction (ammonium sulfate 
fraction) possessed a ratio of 11. In addition the polynucleotide 
phosphorylase activity present in the pH 5.0 precipitate was 
inhibited by the presence of DNA and deoxynucleoside triphos- 
phates. In the presence of 15 wg. of DNA, the exchange of P® 
into CDP was inhibited 40 per cent, whereas in the presence of 
both DNA and the deoxynucleoside triphosphates (dATP, 
dGTP, and TTP) this reaction was inhibited 75 per cent. In 
addition, the presence of orthophosphate (15 umoles per ml. of 
reaction mixture) did not affect the incorporation of CTP into 
a DNase-sensitive, acid-insoluble form. 


SUMMARY 


An enzyme system in Escherichia coli strain B that incorporates 
ribonucleotides, furnished as the triphosphates, into polydeoxy- 
nucleotide material has been purified and the reaction has been 
characterized. The acid-insoluble product of this incorporation, 
which also requires deoxyribonucleotide polymerase, is rendered 
at least partially acid-soluble by alkali and by both deoxyribonu- 
clease and ribonuclease. Partial degradation yields at least one 
dinucleotide that is composed of a ribonucleotide and a deoxy- 
ribonucleotide, and the transfer of labeled 5’-phosphate from the 
starting ribonucleotide to the 3’-position of deoxynucleotides also 
indicates a phosphodiester linkage between ribo- and deoxy- 
ribonucleoside residues. 

A partial purification of kinases catalyzing transphosphoryla- 
tion between adenosine triphosphate and thymidylate, and be- 
tween the former and cytidylate (or deoxycytidylate), has been 
achieved. 
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Cell fractionation studies of liver have characterized cellular 
organelles by reference components such as deoxyribonucleic 
acid for nucleus and cytochrome oxidase for mitochondria (1), 
acid phosphatase for lysosomes (2), and glucose 6-phosphatase 
for microsomes (3). Inasmuch as similar data on other tissues 
are still fragmentary, a study of mouse pancreas was undertaken. 
Pancreas is of particular interest because of its secretory function. 

This paper deals with distribution in the nuclear and eight 
cytoplasmic fractions of ribonucleic acid, deoxyribonucleic acid, 
nitrogen, and four enzymes, namely cytochrome oxidase, amylase, 
acid phosphatase, and deoxyribonuclease. 


EXPERIMENTAL 


Pancreas of 30 mice killed by cervical dislocation were used for 
each fractionation. The tissue was chilled and then homogenized 
at 0° for 3 minutes in 0.25 m sucrose with the Potter-Elvejhem 
homogenizer equipped with a Teflon pestle. The homogenate 
was diluted to a concentration of 1 gm. of tissue in 5 cc. of total 
suspension. Part of the homogenate was stored at —20° for 
the determination of total nitrogen, RNA, DNA, and enzyme 
activities. The remainder was centrifuged at 4° at 600 x g for 
10 minutes. The nuclear pellet was resuspended in cold sucrose, 
rehomogenized (30 seconds), and recentrifuged at 600 x g for 
10 minutes. Part of the combined original cytoplasmic extract 
and nuclear washings was stored in the freezer for analyses. 
The remainder was centrifuged in the Spinco model L ultra- 
centrifuge (rotor No. 40.3) at speeds and times indicated in 
Table I. Each pellet was washed twice with cold sucrose and 
the wash solution was added to the supernatant before centrifug- 
ing at higher centrifugal force. A fluffy layer appeared following 
centrifugation of Fractions a, b, c, d, and e; it was separated 
from the dense pellet and collected with the supernatant. Each 
pellet was resuspended in 0.25 m sucrose to correspond to a 
final concentration of 1 gm. of tissue per 2.5 ec. of solution. 

Nitrogen was determined by a Kjeldahl method. Nucleic 
acids were determined by the diphenylamine (6) or the orcinol 
(7) method on a hot trichloracetic acid extract obtained by the 


method of Schneider (8). Inorganic phosphorus was deter- 


* This investigation was supported in part by research grants 
4-803, C-3873, and C-3052 (C2) from the National Institutes of 
Health and the Atomic Energy Commission, Contract No. AT 
(11-1) 305. Part was performed while J. L. Van Lancker was a 
tenant of a Senior Research Fellowship of the National Institutes 
of Health. A portion of this work was presented at the meeting of 


the American Society of Biological Chemists, Philadelphia, April 
1958. 
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mined by the method of Gomori (9). Total phosphorus was 
assayed by the same method on the sulfuric acid digest of the 
sample. 

Worthington DNA (0.09 gm. of phosphorus per gm. of DNA), 
dialyzed against tris(hydroxymethyl)aminomethane buffer (0.1 
M, pH 7), was used as DNA standard or as substrate for the 
deoxyribonuclease assay. Commercial yeast RNA (0.078 gm. 
of phosphorus per gm. of RNA) purified by the method of 
Vischer and Chargaff (10) was used as standard. The following 
substrates, 6-glycerophosphate (Eastman-Kodak), cytochrome 
c (Sigma), and soluble starch (Merck) were used without further 
purification. 

Total and free acid phosphatase activity were measured ac- 
cording to Wattiaux and de Duve (11), amylase according to 
Smith and Roe (12), and deoxyribonuclease according to Schnei- 
der and Hogeboom (13) except that for the latter the incubation 
mixture was maintained at pH 7 with 0.1 m tris(hydroxymethy])- 
aminomethane buffer. To insure that all potential activity of 
the hydrolytic enzymes was measured in the cell fractions, 
Triton X100 was added to the incubation mixture (11), except 
for amylase where maximum activity was obtained after freezing 
and thawing followed by dilution of the preparation in cold 
phosphate buffer. 

Free amylase activity was determined in the original homog- 
enate by incubating the sample for 10 minutes in the presence 
of a substrate solution made isotonic by addition of sucrose. 
Total amylase was determined under identical conditions except 
for addition of Triton X100 to the incubation mixture. 

When the effect of sucrose concentration on free and total 
enzyme activities of the homogenate was investigated, 4 to 6 
pancreases were homogenized (2 minutes) in the appropriate 
concentration of sucrose. When similar effects were studied on 
cytochrome oxidase activity of the homogenate, pancreas were 
homogenized in 0.88 m sucrose for 1 minute; this suspension was 
then diluted to the appropriate concentration of sucrose and 
rehomogenized for 2 minutes. 


RESULTS AND DISCUSSION 


Effect of Various Concentrations of Sucrose—The content of free 
acid phosphatase (Table II) is lowest in 0.25 m sucrose homog- 
enate and increases in hypotonic or hypertonic media, after 
freezing and thawing, or after addition of Triton X100 (Table 
III). Since the percentage of free acid phosphatase is taken as 
an indication of breakage of granules which contain this enzyme 
(15-17) the results of Table II suggest that these are least fragile 
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TABLE I 
Fractionation procedure 

Each fraction was prepared as described in the method. Frac- 
tion a was named zymogen granules in accordance with the find- 
ings of Hokin (4) in dog pancreas. The sum of Fractions ), c, 
d, e, corresponds to the large and small mitochondria as defined 
by de Duve et al. (2). The unit g X min. is used throughout this 
paper as proposed by de Duve and Berthet (5). 





| In 0.25 m sucrose | In 0.88 m sucrose 








rane = che) 4-18 |ob#) Jo 
Cytoplasmic fractions - | se. | #° | Ss lees | ‘gf 
Sf |383| =x | SB | 38) -xe 
| 25 | #2! Sex | 28 | 82 | Sex 
. le i” 16 1 
Fa min | fea mim | 
Zymogen granules | | 
(a) 1.68 | 5 2) 7 6 42 
Large and small 
mitochondria | 
(b) 1.68 | 10 16.8 | 10 | 8.6 86 
(c) | 11.4 8 9 | 87 | 5 435 
(d) } 11.4 16 182 | 
(e) | 26.3 | 10 | 263 
Microsomes | 
(f) | 105.4 | 15 1585 
(q) | 105.4 30 | 3170 
Postmicrosomes 
105.4 60 6340 


(h) 


Tas_e II 

Effect of various concentrations of sucrose on free enzyme activities 

Free and total acid phosphatase, free and total amylase, and 
cytochrome oxidase activity were determined as described in the 
text. The table presents the free enzyme activity calculated as 
a percentage of the total activity in the homogenate (= 100 per 
cent). The cytochrome oxidase activity is expressed in Cooper- 
stein-Lazarow units (14). 





Free enzyme activity 
—_— | Cytochrome oxidase 


»genizi -diu ner 
Homogenizing medium activity per mg. N 


Acid re 
sheaghetnes Amylase 
i, Ce % % ; onite . 
0.88 M sucrose Sta 67 81 0.54 
0.56 M sucrose... 58 79 0.58 
0.25 m sucrose , 46 63 0.58 
0.10 M sucrose 60 
Distilled water. . 100 56 0.55 


when prepared in 0.25 m sucrose. Similar results are obtained 
for free and bound amylase in hypotonic solutions, except that 
when the homogenate is diluted with distilled water, only 50 
per cent of the potential amylase activity is measured. How- 
ever, the bound amylase can be released by further treatment 
(Table IIL). 

In contrast to the effect on amylase and acid phosphatase 
activity, varying the concentration of sucrose had no effect on 
either total activity or distribution of cytochrome oxidase 
(Tables II and IV). 

Tissue Fractionation Studies in 0.25 M Sucrose—Table V con- 
tains the mean values and standard deviations of the various 
constituents analyzed in four experiments. The recovery for 
ach biochemical component approaches 90 per cent except for 


Tissue Fractionation Studies of Mouse Pancreas 


Vol. 234, No. 9 


TaB_e III 
Release of latent amylase and acid phosphatase activity 
in pancreas homogenates 
The free amylase activity (in a distilled water homogenate) and 
the free acid phosphatase activity (in a 0.25 m sucrose homogen- 
ate) are given as the percentage of the total activity measured in 
the presence of Triton X100. 





Free amylase Free acid phos- 





activity phatase activity 
: % | % “oe 
Original homogenate (without Tri- 
ton X100)... ef 64 44.0 
After freezing and thawing 
MEE Sir otie os Seater wigs 95.5 82.0 
twice 100.0 100.0 


After blending in Waring Blendor 
for 1 minute Re" ; 93 95.0 


for 2 minutes 100 100.0 
After prolonged homogenization in 
the Potter-Elvejhem homogenizer 
for 5 minutes 92 
for 9 minutes 97 








TaBLe IV 
Separation of pancreatic nuclei, zymogen granules, and 
mitochondria in 0.88 mM sucrose 

The results of 2 typical experiments are presented (I and II). 
The values of nitrogen and RNA are expressed in mg. per gm. of 
wet tissue, the enzyme in units per gm. of wet tissue. The fol- 
lowing units have been used: The Cooperstein-Lazarow for cyto- 
chrome oxidase (14), the Smith and Roe for amylase (12). The 
acid phosphatase unit corresponds to the amount of enzyme which 
hydrolyzes 1 mg. of substrate after 10 minutes of incubation in 
the conditions of the assay. 


. Acid Cyte- 
Nitrogen RNA phosphatase Amylase — 
I II I II I II I II I 
Total 30 33 27 21 77 85 40 3.7 16 
Nuclei 4.35) 4.8 | 2.78) 2.8 |13.4 |12.5 | 5.45) 3.9 2.5 
ee 0.45) 0.39) 0.4 | 0.9 | 3.3 | 2.5} 1.3 | 1.34) 1.5 
e:.. 0.51) 0.29) 0.52) 0.9 | 4.9 | 2.9 | 0.85) 1.27; 4.2 
c 1.02} 1.08} 1.02) 0.76) 8.8 | 7.2 | 1.6 | 1.46) 3.2 
57 30 27 3.0 


Super 22.2 |26.2 23 |21 (52.5 


deoxyribonuclease which reaches 148 per cent of the original 
value, suggesting the existence of a deoxyribonuclease inhibitor 
in the mouse pancreas. 

The distribution of nitrogen in the nuclei and in the super 
natant is similar in both rat liver (11) and mouse pancreas (Fig. 
1). Yet the ratio of mitochondrial to microsomal nitrogen i 
0.9 in the former and 0.5 in the latter. A small mitochondrial 
and a high microsomal proportion agree with the lower cyte 
chrome oxidase and succinic cytochrome c reductase activity’ 
and with a high rate of protein synthesis (18) in the pancreas 
Ninety per cent of the DNA (Fig. 1) is found in the nuclei and 
only a small proportion contaminates Fraction a and the final 


1 J. L. Van Lancker, unpublished data. 
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TABLE V 


Intracellular distribution of various biochemical constituents in 0.25 mM mouse pancreas homogenates 


The arithmetical mean and the standard deviation o = 


V (3(x — #)*)/(n — 1) of 4 determinations are presented in each case. The 
nitrogen, RNA, amylase, acid phosphatase, and cytochrome oxidase are expressed as in Table IV. 
gm. of wet tissue and deoxyribonuclease in Schneider and Hogeboom units (12). 


DNA was calculated in mg. per 











Nitrogen DNA | RNA Amylase Acid phosphatase Deoxyribonuclease | Cytochrome oxidase 

—— | 

Total 28.0 + 3.4 3.7+20.4 | 26.5 + 2.4 | 44.5 + 5 82.5 + 7 135 + 12 16.2 + 3 

Nuclei | 4.05 + 0.8 34204 | 14+ 0.4 | 4.09 + 0.9 5.0 + 0.6 5.0 + 0.6 0.9 + 0.2 
errr a Ff Sf 0.1 + 0.03 | 0.14 + 0.02 7.8 + 0.2 5.7 + 1.0 3.2 + 0.4 1.8 + 0.4 
b.. 0.9 + 0.2 0.3 + 0.015 42+03 | 8120.4 5.7 + 0.35 6.5 + 0.8 
c : 0.56 + 0.12 | 0.32 + 0.03 2.020.18 | 11.24 1.5 18.4 + 1.4 2.5 + 0.7 
d ; 1.020 + 0.1 | 0.37 + 0.1 1.5 + 0.13 6.2 + 0.2 16.0 + 1 2.2 + 0.3 
e 1.31 + 0.1 | 1.3 + 0.2 2.94036 | 4.3 + 0.15 18.0 + 1.2 0.3 + 0.1 
f ; 5.8 + 0.9 | 8.70 + 2 9441.12 | 12.0 + 0.8 46.2 + 4 0.4 + 0.15 
q Ks 2.3 + 0.3 | 2.8 + 0.6 4.1444+0.2 | 7.8 + 0.18 | 22. + 2 
Wns arash 2.01 + 0.5 | 6.2 + 1.2 3.7403 | 7.140.2 | 17 + 1 

Super....... 941.3 | |} 6408 | 52406 | 192425 | 3345 

Recovery... 94% 96% + 4 | 8% +4 | 92%43 | 148% 89% + 4 





supernatant. The RNA values expressed per mg. of tissue or 
per mg. of nitrogen (Table V) agree with those found by Hokin 
and Hokin (19) and are about 2.5 times higher than the values 
found in liver (20, 21). The small amounts of RNA found in 
Fractions a, b, and ¢ (Fig. 1) may be due to contamination by 
microsomes. Over 40 per cent of the total RNA (Fig. 1) is 
found in Fractions e, f, g, h; RNA concentrations are similar in 
all these fractions (Fig. 1). In liver, Fractions d and e were 
called small mitochondria (2); however, their RNA content was 
not determined. The high RNA, and low cytochrome oxidase, 
acid phosphatase, and deoxyribonuclease content in those frac- 
tions of pancreas suggest that they contain more microsomes 
than mitochondria. When differences in viscosity and density 
of the suspending medium are taken into account it appears that 
Fraction h corresponds to the postmicrosomal fraction of Palade 
and Siekevitz (22); the high RNA (Fig. 1) concentration of 
Fraction A is in agreement with the findings of these investi- 
gators. 

The percentage of amylase (Fig. 1) is high in Fraction a and f 
and parallels the intracellular distribution of ribonuclease (23, 
24). However, in agreement with the observation of Hokin (4) 
and Laird and Barton (25), the activity per mg. of nitrogen 
Fig. 1) reaches high values only in the zymogen granules. The 
demonstration of zymogen granules in the mitochondrial frac- 
tion by electron microscopy (24) suggests that the amylase 
found in the latter fraction is due to particulate contamination. 
In contrast, amylase appears to be an integral part of the micro- 
somes since it is tightly bound to these organelles and is released? 
only after prolonged homogenization, freezing and thawing, or 
the action of detergents. 

Nearly 40 per cent of the cytochrome oxidase activity was 
recovered in Fractions a and b (Fig. 1), with the highest specific 
activity in Fraction b (Fig. 1). The distribution of acid phos- 
phatase and deoxyribonuclease is similar (Fig. 1), both enzymes 
have the highest specific activity in Fraction c. de Duve et al. 
2) found that in rat liver these enzyme activities were linked to 
agranule which sediments with much higher centrifugal force. 

An ideal marker for biochemical characterization of cell frac- 

* A study of the nature of the binding of amylase to both the 


zymogen granules and the microsomes will be presented in detail 
ina future publication. 





tions should be stable under the conditions of assay and there 
should be no interference with its quantitative determination. 
If the marker is an enzyme, the conditions of assay should 
measure all its potential activity and a high proportion of the 
constituent should be isolated in a single organelle. In pancreas 
these requirements are best achieved for DNA and cytochrome 
oxidase. The widespread distribution of the other constituents 
investigated suggests that the cytoplasmic granules of the mouse 
pancreas have a wide spectrum of size or density. Therefore 
intracellular distribution of a biochemical constituent should be 
established on numerous cytoplasmic fractions to delimit its 
spread. 


SUMMARY 


Nitrogen, deoxyribonucleic acid, ribonucleic acid, cytochrome 
oxidase, acid phosphatase, deoxyribonuclease, and amylase were 
determined on a nuclear and 8 cytoplasmic fractions of mouse 
pancreas homogenates prepared in 0.25 M sucrose. The recovery 
of all these constituents was quantitative except for deoxyribo- 
nuclease (148 per cent) for which an inhibitor probably exists. 
There is less mitochondrial and more microsomal nitrogen in 
pancreas than in liver. Total ribonucleic acid and microsomal 
ribonucleic acid are higher in pancreas than in liver; little ribo- 
nucleic acid is found in mitochondria and in zymogen granules. 
Deoxyribonucleic acid and cytochrome oxidase have a similar 
intracellular distribution in pancreas and in liver. Acid phos- 
phatase and deoxyribonuclease are found in all cell fractions, 40 
per cent of their activity is associated with the mitochondrial 
fraction where a fraction rich in acid phosphatase and deoxy- 
ribonuclease can be separated from a fraction rich in cytochrome 
oxidase. Amylase is found in high quantities in both zymogen 
granules and microsomes but its activity per mg. of nitrogen is 
higher in zymogen granules. Comparative studies in 0.88 m 
sucrose suggested that cytoplasmic granules were more fragile 
in this medium, since both the free amylase and free acid phos- 
phatase were considerably increased in 0.88 m sucrose homog- 
enates, 
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There is evidence that an interchange of purines among tissues 
may occur (1, 2) and that, for example, bone marrow obtains its 
purines from the liver (3). For this reason relative rates of 
purine synthesis de novo in organs, as indicated by incorporation 
of a radioactive precursor, may be ambiguous if measured at 
relatively long times after administration of the precursor. 
Therefore the synthesis de novo of purines was measured in mouse 
tissues at short time intervals after radioisotope injection. This 
process was also studied in slices of the same tissues in vitro. 

Harrington and Lavik (4) and Smellie et al. (5, 6) formerly 
reported the inability of Ehrlich carcinoma ascites cells, in vitro, 
to carry on rapid purine synthesis de novo, contrary to reports 
from LePage and co-workers (7-10). The conditions used by 
the various investigators have differed. More recently, Thomp- 
son et al. (11) have increased the rate of purine synthesis de novo 
in these cells by the addition of glucose to the medium, confirming 
the findings of LePage (7). The effect of liver extract, which 
also stimulated this process, was not, however, completely dupli- 
cated by glucose. . Recently, Harrington has also noted a marked 
stimulation of purine synthesis by glucose, and interprets this 
in terms of ribose synthesis (12). In the experiments of Smellie 
et al. (6) and Thompson et al. (11) some differences were noted 
in the behavior of formate and glycine in purine synthesis de 
novo. 

This paper presents studies on factors influencing purine 
synthesis de novo in Ehrlich carcinoma ascites cells in vitro. The 
mechanism of the stimulation of this process by glucose has been 
investigated, and the stimulatory effect of glutamine, a compound 
which is known to be a precursor of nitrogen atoms 3 and 9 of 
the purine ring (13, 14), is confirmed. The behavior of formate 
and glycine in the synthetic process has been studied and an 
explanation for the differences between them is tendered. 


EXPERIMENTAL 


Methods—To obtain acid-soluble purines, tissues were homoge- 
nized in cold 0.2 m perchloric acid and washed to obtain the 
acid-soluble fraction. Purine nucleotides were hydrolyzed at 
120° in an autoclave for 45 minutes with 0.2 m perchloric acid. 
The purines were chromatographed on Dowex 50 columns (7), 
then on paper in an isoamy] alcohol-disodium phosphate system 
(15) and the radiocarbon was either measured directly on circles 


* Supported by United States Public Health Service Grant 
C2491, the Alexander and Margaret Stewart Fund, and United 
States Public Health Service Contract SA-43-ph-1909. 

+ Present address: Biological Sciences Department, Stanford 
Research Institute, Menlo Park, California. 


cut from the paper chromatograms, or eluted, plated on alumi- 
num planchets, and measured. The purine content was de- 
termined spectrophotometrically. Nucleic acid purines were 
prepared as described above for acid-soluble purines, after hy- 
drolysis of the acid-insoluble fraction in 0.4 m perchloric acid 
for 30 minutes at 100°. 
presented elsewhere (7). 

Swiss mice were each given an intraperitoneal injection of 
2 X 10° Ehrlich carcinoma ascites cells and used as a source of 
tumor cells at 6 days. For use in experiments in vitro, tumor 
cells were removed by pipette after laparotomy and washed 3 
times by centrifugation and resuspension in isotonic saline to 
remove endogenous glycine. Experiments in vitro were con- 
ducted in Warburg respirometer vessels of 60 ml. capacity with 
30 mg. dry weight of tumor cells in Robinson’s medium (16) 
plus glucose and bicarbonate in a total volume of 12 ml. to which 
various additions had been made. Deviations from this pro- 
cedure are noted. 


Details of these procedures have been 


Glycine-2-C™ of specific activity 1.0 mc. per mmole was ob- 
tained from Tracerlab, Inc. and sodium formate-C™ was pur- 
chased from Nuclear-Chicago, Inc., both on allocation by the 
United States Atomic Energy Commission. The sodium formate- 
C™ was diluted to a specific activity of 1.0 me. per mmole. 

A liver extract was prepared by homogenizing mouse livers in 
two volumes of a medium containing the following constituents 
at the indicated concentrations: 0.035 mM phosphate buffer, pH 
7.4, 0.13 m KCl, 0.04 m KHCOs, and 0.01 m MgCle. The ho- 
mogenate was centrifuged for 2.5 hours at 17,200 x g with the 
temperature at 0°. The supernatant fluid from this was used 
at a final concentration of 2.5 per cent of the reaction mixture. 


RESULTS AND DISCUSSION 


The rate of purine synthesis de novo in mouse tissues in vivo 
was measured by administering intraperitoneal injections of gly- 
cine-2-C™ (200 ug. per mouse) to female Swiss mice of 20 to 25 
gm. body weight. Groups of 2 such mice were killed by es 
sanguination 15, 30, and 60 minutes after injection. Blood, 
small intestine, liver, spleen, kidney, leg muscle, and brain were 
removed. 
isolated as described above and radioactivity measurements 
made. The specific activities are shown in Fig. 1. The sym 
thetic activity of each tissue is indicated by the rate of increase 
of specific radioactivity of acid-soluble adenine during these short 
time periods. The low specific activity of blood adenine ind 
cates that significant transfer of radioactive adenine among the 
tissues could not have occurred during the period studied. This 


Acid-soluble adenine and nucleic acid adenine were 
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experiment was also performed by administering a dose of 100 
yg. of glycine-2-C™ per animal, with the time periods studied 
extended to 90 and 120 minutes, without significant differences. 
These data extend the studies of other investigators (17-21) to 
provide a time curve of purine synthesis de novo at short intervals 
after administration of the precursor and to demonstrate the 
activity of such reactions in mouse brain and muscle, which 
previously have not been studied. 

The relatively low specific activity of adenine in certain tissues 
may reflect not only low synthetic activity, but also unequal 
distribution of the radioactive precursor among these tissues 
(22). The specific activity of the protein of each tissue was also 
determined and is shown in Fig. 2. The relative magnitude of 
specific activity in the tissue proteins follows the same order as 
that of adenine, which tends to support the view that the glycine- 
2-C“ was not equally distributed to all tissues. Radioactivity 
of blood protein, however, is much higher than that of blood 
adenine, and probably reflects plasma protein synthesis by liver. 

It is of interest to compare the turnover rates of protein and 
nucleic acid, relative to one another, in these tissues. As an 
arbitrary and rough measure of this, the ratio of the specific 
activities of nucleic acid adenine and of protein (in counts per 
minute per mg.) for these tissues and times are presented in 
Table I. It must be assumed that radioactive glycine present 
in each tissue is equally available for both protein and purine 
synthesis, and that the rate of change of radioactivity in the 
precursor pools remains relatively constant. Although only 
rough approximations are possible, it seems that the ratio of 
nucleic acid to protein synthesis differs considerably from tissue 
to tissue. 

The rates of purine synthesis de novo have been reported for 
some rapidly dividing rat and rabbit tissues in vitro under con- 
ditions which may not be optimal (6), but studies in vitro of this 
process in mouse tissues (7) so far have not included kidney, 
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Fig. 1. Specific activity of acid-soluble adenine and nucleic 


acid adenine of mouse tissues after injection of 200 yg. of glycine- 
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Fig. 2. Specific activity of protein of mouse tissues after injec- 
tion of 200 ug. of glycine-2-C™. 


brain, and muscle. The mouse tissues analyzed above, in vivo, 
have therefore been studied in vitro for their ability to synthesize 
purines de novo. This process was measured in mouse tissue 
slices by incubating tissues in 12 ml. of Robinson’s medium con- 
taining glucose (5.5 mm), fumarate (10 um), glutamine (80 uM), 
and 2 wmoles of glycine-2-C. (Supplementation with gluta- 
mine was made, since it may be limiting for this process in some 
cells, as shown below.) This incubation was carried out at 38°, 
under 95 per cent nitrogen and 5 per cent carbon dioxide for 1 
hour. Slices were made of liver, kidney, spleen, and small in- 
testine; brain was minced; and whole mouse diaphragms were 
used as muscle specimens. Approximately 500 mg. wet weight 
of tissue per flask were used. The results are shown in Table II. 
All tissues examined have the ability to carry out this process. 
The differences in rates of purine synthesis de novo shown in 
vivo are not seen under these conditions. 

Factors necessary for purine synthesis de novo were investi- 
gated in vitro with Ehrlich carcinoma ascites cells under the 
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TaBLe I 
An approximation of the relative turnover rates of nucleic acid and 
protein in mouse tissues 
Specific activities determined after injection of 200 yg. of gly- 
cine-2-C"* into mice. Calculated from data presented in Figs. 1 


























and 2. 
Specific activity of nucleic acid adenine 
(c.p.m./mg.) 
Tissue Specific activity of protein (c.p.m./mg.) 
15 min. 30 min. 60 min. 
Eons ihc dceasttines } 1.61 2.74 5.28 
NE cto sn iiaeie od 2.66 2.73 5.10 
a < 0.22 0.90 0.53 
I poe dahks.a exinaeieas | 2.63 4.00 1.92 
ee re | 157 42.00 19.9 
RS ee ere | 60.5 7.75 8.26 
TaB_eE II 


Purine synthesis de novo by mouse tissues in vitro 
Tissues, 500 mg. wet weight, were incubated in 12 ml. of Robin- 
son’s medium plus glucose, bicarbonate and fumarate with 2 
pmoles of glycine-2-C* for 1 hour, under 95 per cent O2-5 per cent 
CO:. Each figure is the average of four flasks from two separate 
experiments. 





Specific activity 











| 
| 
Tissue = 

| Acid-soluble | Nucleic acid 

| adenine adenine 
2 rt 7 C.p.m./pg c.p.m./pg. 
TS EE TERY eT | 9.8 0.89 
Cee Oe eee 4.5 1.0 
I SS soa, Saale eneipits quand 9.4 1.9 
NE rg has ona ie. ke wii 4.0 0.89 
INE 95,505, 2nicro:s sear cas ed 6.9 | 
ad aa | 8.8 3.5 





TABLE III 


Stimulation of purine synthesis de novo in ascites tumor cells in 
vitro by glucose and glutamine 
Tumor cells, 30 mg. dry weight, were incubated for 1 hour at 
38° under anaerobic conditions with 2 wmoles of glycine-2-C". 
Glucose concentration was 5.5 mm and that of glutamine, 80 um. 
The preparation of liver extract is described in the text, and was 
used at 2.5 per cent of the reaction mixture. 





Specific activity of 
acid-soluble adenine 





| 
Conditions | 
} 
} 


C.p.m./pg. 
NN CO MNNUID 55.5 cask seen scswsen en 4.3 
Robinson’s medium + glucose............... 20.4 
Robinson’s medium + glucose + glutamine. .| 124 
Robinson’s medium + liver extract..........| 50.0 
Laver OxtPact COMtFOl....... 2... 6c cceeees. 3.4 





general conditions described above, and the mechanism of glucose 
stimulation studied. With the amount of purine synthesis in 
these cells measured in the buffered salts medium under anaero- 
bic conditions as a basal level, the importance of an energy source 
was assessed by adding glucose (1 mg. per ml.) to the flasks. 
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As can be seen from Table III, synthesis de novo is increased 5- 
fold. Glutamine has previously been found to be limiting for 
protein synthesis (23) and stimulatory for purine synthesis in 
these cells (24), and when added (1 umole per flask) together 
with glucose, increases synthesis de novo 30-fold over the basal 
level, and 6-fold over that in the presence of glucose alone, 
Addition of aspartic acid to this supplemented medium does not 
increase this rate. Some workers have reported stimulation of 
this process by an extract of liver (5,6). With the liver extract 
described above, some stimulation is observed. Since this prep- 
aration contains both liver glucose and glutamine, the stimulation 
can reasonably be ascribed to the presence of these compounds 
in the extract. The combination of glucose and glutamine is 
more stimulatory than is liver extract. 

Under the conditions of these experiments, glycolysis is the 
source of the energy needed for synthetic processes, including 
purine biosynthesis. Glycolysis was measured under the condi- 
tions just described. Glucose (1 mg. per ml.) produces rapid 
and steady glycolysis for the period studied, whereas in the 
absence of added glucose, glycolysis was very slow. Liver ex- 
tract contains enough glucose for a limited rate of glycolysis, 
but not enough to maintain this process for the entire hour. 
In the absence of a high rate of glycolysis, the stimulatory effect 
of liver extract may tentatively be ascribed to its glutamine 
content. 

The need of these cells for energy to perform purine synthesis, 
de novo, and the role of glucose in providing this energy is further 
demonstrated by the use of inhibitors. Ascites tumor cells were 
incubated with glycine-2-C™ in the salts medium with added 
glucose (5.5 mm) and fumarate (10 um) for 1 hour under 95 
per cent O-5 per cent COz. As shown in Table IV, the gly- 
colysis inhibitor, iodoacetic acid (1 mm), reduces purine synthesis 
de novo considerably. When both iodoacetate and dinitro- 
phenol (30 um) are added to the system, purine synthesis is 
negligible, reflecting the loss in energy supply effected by these 
inhibitors. In an attempt to determine whether the added 
glucose stimulates purine synthesis by furnishing ribose via oxi- 
dation, glycolysis was blocked with iodoacetate, but methylene 
blue (3 um) was added to increase glucose oxidation, as has been 
shown by Wenner (25). No stimulation of purine synthesis was 
noted. It must be concluded that the principal role of glucose 
in this system is as an energy supply, and that purine synthesis 
de novo is heavily dependent on the energy supply of the cell. 
Although Harrington (4) has explained glucose stimulation of 
this process in terms of ribose synthesis, the present work would 
indicate that this is a secondary consideration. The rate of 
glycolysis of Ehrlich ascites cells is such that with a glucose con- 
centration of 1 mg. per ml., and 2.5 mg. dry weight of tissue per 
ml., the glucose supply is reduced to 0.25 mg. per ml. in a 1-hour 
incubation. The right ratio between glucose concentration, 
tissue concentration, and time to obtain significant results must 
be emphasized. 

Variation in apparent rates of synthesis de novo has been 
noted when different precursors are used in vitro, notably gly- 
cine-2-C™ and formate-C™ (5-7). From present knowledge of 


the mechanism of this process, and if equal pool sizes of glycine 
and formate in washed ascites cells are assumed, a ratio in spe- 
cific activity of adenine of approximately 2:1 is to be expected 
when formate-C™ and glycine-2-C™, respectively, are used to 
Purine synthesis in ascites tumor cells 


measure the process. 
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was measured in the presence and absence of glucose with both 
of these precursors at the same concentration and same specific 
activity. The amounts of precursor added are sufficient under 
these conditions to provide pools of equal specific activity. The 
results are presented in Table V. In the presence of glucose 
the ratio of the relative specific activities of adenine labeled with 
these two precursors is approximately that expected from theory. 
In its absence, however, whereas glycine incorporation is in- 
hibited 80 per cent, formate incorporation is inhibited only 45 
percent. Thompson et al. (11) reported a 25-fold stimulation of 
formate incorporation into ribonucleic acid adenine by glucose, 
but glycine incorporation increases 45-fold. That both pre- 
cursors measure, in the presence of glucose, the same pathway of 
synthesis, is indicated by the almost complete inhibition of 
incorporation of both precursors when azaserine (5 ug. per flask) 
a known inhibitor of this process (26), is added to the system. 
In another experiment, inhibition of formate incorporation into 
acid-soluble adenine by azaserine was noted to be twice as 
effective in the presence of glucose as in its absence. When 
ascites cells were incubated at high concentrations in ascitic 
fluid, the discrepancy is even greater (Table V). This is due in 
part, however, to dilution by the endogenous glycine pool. 

Thompson et al. (11) concluded that this tumor could carry 
out the later stages of the process de novo much more rapidly 
than the earlier stages in vitro. Thus glycine is incorporated 
into purines in vitro only in the presence of glucose. Smellie 
et al. (6) found that in the absence of glucose, formate is incor- 
porated almost exclusively into carbon 2 of the purine ring and 
only to a very small extent into carbon 8, whereas in the presence 
of glucose incorporation into carbon 8 was much more extensive. 
The crucial point is that no pools of intermediates of the syn- 
thetic process de novo, including aminoimidazolecarboxamide 
ribonucleotide, exist in these cells (27 and unpublished results). 
Since intermediates are not made from glycine in the absence of 
glucose, they could not be available for incorporation of formate 
exclusively into the carbon 2 position. The most probable ex- 
planation for the anomalous incorporation of formate-C" is that 
exchange with free formate-C"™ occurs at the carbon 2 position 
of the purine ring of inosinic acid, a reaction first noted by 
Buchanan and Schulman (28) under conditions where the com- 
plete process de novo is not permitted to proceed. The apparent 
decrease in azaserine inhibition in the absence of glucose is in 
accord with this hypothesis. This phenomenon of carbon 2 
exchange during energy deprivation is presently under investi- 
gation in this laboratory. Accordingly, measurements of ap- 
parent rates of purine synthesis de novo under conditions where 
such exchange reactions are occurring may be misleading. Esti- 
mation of the over-all rate of this process can best be made with 
the use of glycine-2-C™. 


SUMMARY 


Purine synthesis de novo in mouse brain, muscle, spleen, liver, 
kidney, and intestine was measured in vivo 15, 30, and 60 minutes 
after injection of glycine-2-C™ by determining the specific activi- 
ties of acid-soluble adenine and nucleic acid adenine. All tissues 
show measurable synthetic activity. Each tissue examined also 
shows the ability to perform this synthesis in vitro. 

Conditions influencing purine synthesis de novo in Ehrlich 
carcinoma cells in vitro were examined and the dependence of this 





J. F. Henderson and G. A. LePage 


2367 


TaB_e IV 
Effects of inhibitors on de novo purine synthesis in ascites tumor 
cells in vitro 
Tumor cells, 30 mg. dry weight, were incubated in 12 ml. of 
Robinson’s medium plus glucose, bicarbonate and fumarate with 
2 umoles of glycine-2-C™ for 1 hour under 95 per cent O2-5 per 
cent COz. Iodoacetate concentration was 1 mm; dinitrophenol, 


30 um; methylene blue, 3 um; glucose, 5.5 mm; and fumarate, 10 
uM. 





Conditions | Specific activity of 


| acid-soluble adenine 





| c.p.m./pg. 
otc chia SEER a Seis Pacis aie 17.4 
Control + iodoacetate....................5. | 2.6 
Control + iodoacetate + dinitrophenol......| 0.86 
Control + iodoacetate + methylene blue... | 1.4 





TABLE V 


Purine synthesis de novo in ascites tumor cells in vitro measured by 
incorporation of glycine-2-C' and formate-C™ 

In Experiments 1 and 2a, 30 mg. dry weight of tumor cells were 
incubated for 1 hour at 38° under anaerobic conditions with 2 
pmoles of precursor. Glucose concentration was 5.5 mm and 
azaserine, 0.4 ug. per ml. 

In Experiment 2b, 165 mg. dry weight of tumor cells were in- 
cubated in ascitic fluid in a total volume of 3 ml. (2.4 ml. of packed 
cells, 1.6 ml. of ascitic fluid) with 2 wmoles of precursor. This 
approximates conditions used by other workers (5). 





Specific activity of 
acid-soluble adenine 
Conditions 


ae ine- 


| 
| cu |Formate-C¥ 
| 





| ¢.p.m./pg. | C.p.m./pg. 
Experiment 1 


| 

| 

Robinson’s medium he af 
Robinson’s medium + glucose. .... we 
| 


watesen 4.3 | 16.5 

20.4 30.5 

Robinson’s medium + glucose + azaserine i j 1.1 
Experiment 2 | 

a. Robinson’s medium + glucose... 14.1 | 28.6 

eee Peutiweltacn 1.0 | 8.6 





process on an adequate supply of energy from glycolysis and of 
glutamine is shown. 

Glycine-2-C™ and formate-C™ were compared as precursors of 
purines in ascites tumor cells in vitro. In the presence of glucose, 
relative values of incorporation expected from theory (1:2) are 
attained. In the absence of this energy supply, much more 
formate than glycine is incorporated into adenine. This is 
probably due to exchange of the number 2 carbon of the purine 
ring with added formate-C™. In view of the potentiality of mis- 
leading results because of this exchange reaction, the use of 
glycine-C™ is recommended as a measure of purine synthesis 
de novo. 
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Blood Folic Acid Studies 


Vv. RESOLUTION OF PRECURSOR AND ENZYME FRACTIONS OF THE BLOOD FOLIC ACID SYSTEM* 


GERRIT TOENNIES AND PHOEBE M. PHILLIPS 


From The Institute for Cancer Research, Philadelphia, Pennsylvania 


(Received for publication, March 2, 1959) 


In continuation of earlier work (1, 5), the folic acid-active 
factors of human blood which result from the interaction of cell 
and plasma factors, as well as these precursor factors themselves, 
have been further purified and resolved. 
indicates that in the system 


The new evidence 


FSP + PF — FS 
(FS precursor (enzymatic factor (material with microbiological 
of red cells) of plasma) folic acid activity) 


the active material (previously termed FS and now referred to as 
blood folate(s)) may represent nine or more (6), instead of the 
previously shown six compounds and that the precursor and 
plasma factors may also be of multiple nature. This paper deals 
with the fractionation of precursor and plasma factors, and the 
following paper (7) with the fractionation of the folates resulting 
from their interaction. 


EXPERIMENTAL 


Analytical Principles—The factors studied were measured by 
bacterial growth responses, but only the free folates can be de- 
termined directly by the responses of Lactobacillus casei, Strepto- 
coccus faecalis or Leuconostoc citrovorum in a folic acid-free 
medium (5). Precursor and plasma factors were evaluated in- 
directly by determination of the activity arising from their 
interaction under standard conditions. The activity of the 
precursor preparation is defined as the maximal amount of folate 
which can be released from 1 mg. by the action of an excess of 
plasma factor, and the activity of the latter is expressed in terms 
of the reciprocal of the amount of material required to release a 
given amount of folate from an excess of precursor under stand- 
ard conditions. 

Preparation of Crude Precursor'—On the basis of the previously 
described procedure (5), 12.5 1. of unwashed human red cells 
were hemolyzed at pH 8 with dilute ammonia, and the precipitate 
formed between 40 and 85 volume per cent acetone was collected, 
made into a fluid paste with water, and lyophilized. The product 
was further purified by triturating with 20 parts of water and 
lyophilizing the filtrate. The precursor content of this product 
(approximately 50 gm.) was about 0.0004 per cent (in terms of 


*For papers III and IV, see (1, 2). These studies were sup- 
ported by Grant C-1479 of the National Cancer Institute of the 
United States Public Health Service, and by Grant P-136 of the 
American Cancer Society. Preliminary accounts of parts of the 
work have been published (3, 4). 

‘We are grateful to Dr. Max Tishler and his colleagues of the 
Merck Sharp and Dohme Research Laboratories for their aid with 
material and pilot plant operations. 
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folic acid). 
dry. 

Determination of Precursor—Fig. 1 shows the results of the 
interactions of a typical precursor preparation with increasing 
amounts of a plasma factor preparation. The data have been 
corrected for the free folate contained in the preparations: 1.95 
wumoles per mg. of precursor and 0.016 wumoles per mg. of 
plasma factor. Plots of the net amount of folates liberated 
display two consistent features: a concavity at the lower enzyme- 
substrate ratios and a declining trend following maximal folate 
liberation. The maximum, in the present instance 7.4 uumoles 
per mg., is considered as the precursor content of the preparation. 

Resolution of Precursor—TEAE-cellulose (prepared by ethyla- 
tion of DEAE-cellulose) has been employed successfully for the 
resolution of blood folates (6, 7) and could also be used for the 
fractionation of precursor. However, precursor substance is 
held more firmly by the adsorbent than the folates and, further- 
more, a high level of ascorbic acid in the eluent as well as cold 
room temperature were necessary to preserve the activity. A 
TEAE-cellulose?-Celite (1:2) column of 20-cm. length and 0.9- 
cm. diameter was equilibrated with 0.5 m potassium phosphate 
buffer of pH 6.1, 100 mg. of crude precursor in 0.2 ml. of the 
same buffer were applied to the top, and elution with 0.5 m 
buffer containing 0.5 per cent ascorbic acid followed. The eluate 
consisted of 125 3-ml. portions, collected during 60 hours. 
Analysis for precursor (FSP) and folates (FS) yielded the data 
shown in Fig. 2. The folates appear in the early fractions, in 
line with the observation (6) that on gradient elution blood 
folates are released well before the buffer concentration of 0.5 m 
is attained. There are at least four distinct peaks with precursor 
activity. 


To prevent loss of activity it must be kept rigorously 


Total recovery was 46 per cent of the precursor substance 
(763 wumoles) and 60 per cent of the free folates (124 uumoles) 
applied. Another fractionation, carried out at 2° with 800 mg. 
of crude precursor on a proportionately larger column, also 
yielded three major peaks, and these accounted for 42 per cent 
of the activity of the applied material. 

Preparation of Crude Plasma Factor—A frozen preparation! 
(250 gm.) of Fraction IV-4 of Cohn et al. (8) from pooled blood 
plasma, corresponding to about 80 gm. of dry substance, was 
mixed with 500 ml. of H,O with the aid of a Blendor, and the 
suspension was centrifuged in the cold at about 10,000 r.p.m. for 
lhour. The supernatant was freed of fatty material by filtering 
through Whatman No. 1 paper and the filtrate, now correspond- 
ing to about 60 gm. of protein, was diluted with 5 1. of water. 
The dilute solution was stirred with 250 gm. of Amberlite IRC-5 


2 We are grateful to Dr. Earl Usdin for preparing this product. 

















per cent ascorbic acid. The resulting mixture is incubated for 90 
minutes at 38° and autoclaved for 2.5 minutes at 120°. The pro- 
tein coagulate is centrifuged down and 3-ml. portions of the super- 
natant, in duplicate, are combined with 3-ml. portions of basal 
medium, for assay with L. casei (5). Folic acid standards are 
run simultaneously. 
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Fig. 2. Fractionation of crude precursor on a TEAE-cellulose 
column. The fractions (see text) were analyzed by diluting a 
1-ml. portion to 25 ml. with phosphate-ascorbic buffer; followed by 
incubation of 9-ml. aliquots with 0.30 ml. of a 5 per cent solution of 
crude plasma factor, for determination of the sum of precursor and 
free folate, or alternatively, without plasma factor, for determina- 
tion of free folate; then incubation and assay were carried out. 
@, free folate; O, precursor. 


(H) resin for 1 hour. The cation exchanger removes a major 
inert fraction, and lyophilization of the filtrate yielded about 40 
gm. of crude plasma factor. Partially activated plasma factor 


was obtained by passing H.S for 1 hour through a 5 per cent 
solution of the crude preparation in freshly boiled water con- 
taining 0.002 per cent Dow-Corning Antifoam AF Emulsion, 
removing H.S by evacuating and refilling the flask with Nz seven 
to ten times, and lyophilizing (reduced plasma factor). 
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a T "" T T T TaBLe [ 
Effect of thiol and anti-thiol reagents on plasma factor 
- - = The experimental conditions are as described in Fig. 1. 
=> * 
6 a ~ FS* formed 
rm Plasma factor solution With 0.05 ml. | With 0.10 ml, 
4 plasma factor | plasma factor 
a | solution solution 
4- = amt ppmoles/mg. FSPt 
Crude plasma factor 
=. 4s. [a i ................- | 0.1 0.5 
a Same, with 1% GSH.. .| 4.1 4.5 
2 eL e Same, with 0.1 m HS... | 6.1 6.4 
= Reduced plasma factor | 
-- 1.6% in H.O............ {| 0.9 2.9 
a F —scygt=pe 1.8 4.1 
' , , , — ' ' P my a 0 se , | oe 4.6 
8 16 24 32 46 ta + 0.003% << + RE Na | Hei i 
. J 1 /o P- > om | 
PF: FSP WEIGHT RATIO RY 5 ba cctuenekea tes | 0.3 0.9 
Fic. 1. Interaction of crude precursor (FSP) with crude plasma Same + 0.006% p-chloromercuriben- | 
factor (PF) to yield folates (FS). Small aliquots (0.05 or 0.10 zoate..... ‘aa 0 0 
ml.) containing suitable amounts of plasma factor are combined 1.6% in boiled H.O...... | 3.7 
with 8 ml. of an 0.008 per cent solution of crude precursor in 0.05 Same + 0.0002% AgNOs.... a | 1.8 
M potassium phosphate buffer of pH 6.1 which also contains 0.05 Same + 0.0004% AgNO;.............. | 0.8 








* FS, blood folates. 
t FSP, precursor. 


Thiol Character of Plasma Factor—The lability of the factor 
has been noted before (5). It has now been found that its 
activity depends on the integrity of easily oxidizable —SH 
groups. The activity is lost rapidly on standing in dilute aqueous 
solution, but can be regenerated and enhanced beyond its initial 
value by reagents like reduced glutathione, mercaptoethanol, 
or H.S. The last two agents consistently yielded much more 
activity than glutathione under optimal conditions, but their use 
is complicated by toxicity for the assay organism, L. casei; 
glutathione has no significant effect on the growth responses. 
p-Chloromercuribenzoate or silver ion inactivates plasma factor, 
and this effect can be reversed by the reducing agents. At 
comparable low concentrations, p-chloromercuribenzoate in- 
hibits L. casei but Ag+ does not, probably because it combines 
with Cl- in the growth medium. Table I serves to illustrate 
these effects. 

Determination of Plasma Factor—The arrangement resembles 
that described for the determination of precursors, but the 
enzyme-substrate ratios are chosen with the aim of covering the 
lower third of the response curve shown in Fig. 1. 

Plasma factor activity is provisionally defined as the reciprocal 
value of the concentration, expressed in milligrams of product per 
ml. of incubation medium, which is needed to liberate under standard 
conditions 1 uumole of folate per mg. of a precursor preparation 
which contains 4 to 8 upmoles of potential folates per mg. and 
which is present in a concentration of 0.008 per cent in the incubs- 
tion medium. For example, the plasma factor preparation used 
in obtaining the data of Fig. 1 has an activity of about 5. 

One plasma factor unit is defined as 1 mg. of a preparation 
activity 1. 

We designate water freshly saturated at room temperature 
with H.S as 0.1 m HS, because the literature data are near that 
value. For the measurement of activated plasma factor it # 
convenient to use a concentration of 0.002 m HS in the incubs 
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tion medium (and consequently 0.001 m in the assay medium). 
Although this H.S concentration, when introduced into the assay 
medium after incubation and autoclaving, depresses the growth 
responses of L. casei, the toxic action is nullified when the H,S is 
introduced before incubating and autoclaving. Experiments 
showed this to be the result of two influences: (a) expulsion of 
excess H2S during incubation and autoclaving, and (6) removal of 
H.S by combination with the protein coagulate. The practical 
usefulness of HS activation under these conditions is demon- 
strated by the experiments on the resolution of plasma factor, 
which follow. 

Resolution of Plasma Factor—Gradient elution experiments 
with the use of DEAE-cellulose (Brown Company, Berlin, New 
Hampshire) and triethylammonium acetate buffer of pH 5.8 (9) 
gave fractionation patterns indicative of heterogeneity, without 
yielding well separated peaks. On the basis of these observa- 
tions a stepwise elution procedure was designed which resulted 
in resolution. The DEAE-cellulose was equilibrated, first with 
a 2M, then with a 0.01 m solution of the triethylammonium 
acetate buffer. Because of the thiol nature of the plasma factor 
and the instability of the reduced form, it was decided to frac- 
tionate the oxidized inactive form in order to eliminate the 
degree of reduction as a potential basis of resolution. One ml. 
of a 16 per cent aqueous solution of crude plasma factor lost 
nearly all of its activity after standing overnight in the refrigera- 
tor. After clarification by high speed centrifugation (important 
to avoid clogging of the column), 0.5 ml. (80 mg. substance) was 
put on a DEAE-cellulose column (12 X 0.9 cm.), and elution 
was begun with 0.01 m buffer. The eluate was collected in 4.5- 
ml. portions. After collection of 10 tubes, the eluent was replaced 
by an 0.03 m solution of the same buffer, and 26 additional tubes 
were collected. Next, 15 tubes were collected with the eluent 
at 0.20 m and, finally, 15 tubes at 1.00 m. The whole operation 
took place at 2° and the flow rate was 25 to 30 ml. per hour. 

Fig. 3 and Table II show the results. The fractions differ 
markedly in specific activity; Fraction II (eluted at 0.03 m) 
contains nearly two-thirds of the activity of the starting material, 
but less than one-tenth of the protein. 

Re-elution of Fraction I (eluted at 0.01 m) by the same step- 
wise procedure yielded only one peak which appeared in the same 
position as before. When 200 mg. of crude plasma factor (in- 
stead of 80 mg.) were fractionated on the same column, the 
specific activities of the three major fractions resembled those 
obtained previously: 32, 310, and 25 units per mg., respectively 
(g. Table IT). 

DISCUSSION 


Does the multiplicity of the blood folates have its origin in a 
multiplicity of erythrocytic precursors or a multiplicity of 
plasmatic enzyme factors? The present observations, instead of 
providing a simple answer to this question, seem to replace it by 
amore complex one: which precursor gives rise to which folate, 
through the agency of which plasma factor? A profitable at- 
tack on this problem seems to demand much purer products 
than our current ones. The possibility is not even ruled out 
that in the case of both precursor and plasma factor the several 
discrete entities obtained from the columns represent associations 
of the same active materials with different inactive carriers. At 
the same time, resolution by modern fractionation methods of 
enzymes which were considered as single entities is no longer 
unprecedented; examples (10) are lysozyme, ribonuclease, lacto- 
Peroxidase, or cytochrome c and, more recently, tyrosinase (11). 
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Fic. 3. Fractionation of crude plasma factor on a DEAE-cellu- 
lose column. The fractions (see text) were analyzed by com- 
bining 0.4-ml. aliquots with 0.1 ml. of freshly saturated H.S-water 
and 4 ml. of phosphate-ascorbic buffer, which contained 360 ug. 
of crude precursor for the determination of plasma factor plus 
folate, or no precursor for determination of folate; incubation, 
autoclaving, and assay followed. @, plasma factor; O, protein. 




















TaBLe II 
Column fractionation of crude plasma factor 

| | * 

Eluent | Weight} Protein® | Activity ps 

|—_——— | _—— a 

| | - . uniis/mg. 

| £- meg. unis protein 
Starting material 5 | 80.0 | 80.0 | 3,330 42 
Fraction I....... 0.01 | 26.4 | 22.0 747 34 
| ee 0.03 | 7.6 6.0 2,060 344 
Fraction III...........| 0.20 | 45.5 | 35.7 786 22 
Fraction IV......... 1.00 | 6.7 6.2 73 12 
Total recovered a | 86 | 70 3, 666 

| | | 





* With use of the 280 my extinction coefficient of the starting 
material as a relative standard. 


As to the apparent multiplicity of the precursor, the possibility 
of the existence of a series of folic acid conjugates of low micro- 
biological activity is suggested by present knowledge. Different 
natural sources of bound folic acid respond differently to the 
action of specific conjugases (12); the microbiological activity of 
pteroylheptaglutamate is enhanced several hundredfold by 
enzymatic degradation (13), and similar properties may be 
possessed by polypeptides derived from folinic acid and related 
compounds, or by those involving amino acids other than 
glutamic acid (14). 

The problem of the relation of plasma factor to the two types 
of folic acid conjugase which have been defined in terms of the 
liberation of S. faecalis activity from pteroylheptaglutamate of 
yeast is complicated by the apparent heterogeneity shown in the 
present study. Crude plasma factor (which is measured by the 
liberation of L. casei activity from red cell precursor material) 
resembles the chicken pancreas conjugase (15) in that its pH 
optimum is at pH 6 or higher, but differs from it in the lack of 
activation by Ca++ and in its thiol characteristics. In regard to 
these, plasma factor resembles the hog kidney conjugase (16) 
which, however, differs sharply from it by a pH optimum of 4.5. 
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Data other than our own support the impression that the two 
classical conjugases may be merely the first examples of a larger 
family (17). 

Since pooled red cells and pooled plasma were used in the 
present work, the possibility cannot be excluded that the ob- 
served variants of precursor and plasma factor may be related 
to genetically determined differences among individuals (18). 
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SUMMARY 


The folic acid-like material found in hemolyzed blood results 
from the interaction of precursor material contained in the 
erythrocyte with plasma enzyme. Crude preparations of pre- 
cursor and enzyme, from pooled red cells and plasma, have now 
been resolved into several active subfractions each. The plasma 
factor has been found to have the characteristics of thiol enzymes, 
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VI. CHROMATOGRAPHIC RESOLUTION OF FOLIC ACID-ACTIVE SUBSTANCES 
OBTAINED FROM BLOOD* 
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Our earlier studies (3) have shown that human blood yields a 
mixture of compounds (previously termed FS and now referred 
to as blood folic acid-active substances or blood folates) which 
have microbiologically measurable folic acid activity. These 
compounds seem to arise from the interaction of plasma enzymes 
with precursor substances contained in the erythrocyte (1). 
The present paper deals with the partial resolution and identifica- 
tion of the components of the folate-active mixture. Previously, 
we demonstrated the resolution of mixtures of known folate 
compounds by elution from TEAE-cellulose! columns (4). In 
the present study crude preparations of the blood folates have 
been subjected to similar chromatography and the eluate has 
been assayed with three strains of bacteria responsive in different 
degrees to various folic acid forms. The fractions revealed by 
the assays have been further characterized by paper chroma- 
tography and bioautography. 


EXPERIMENTAL 


Preparation of Crude Blood Folates—Pooled human red cells 
were supplied by Merck Sharp and Dohme.? These unwashed 
cells, which contain some plasma (5, 6), yield on hemolysis with 
ascorbate-phosphate and alcohol (see below) approximately one- 
half the average amount of folate activity that is obtained by 
hemolysis of whole blood (7). We have previously (3) used heat 
coagulation for deproteinization of the hemolyzed cells. In order 
to avoid possible artifact formation attributable to heating, 
milder methods of deproteinization, such as dialysis, electro- 
dialysis and solvent precipitation have now been studied. Di- 
alysis techniques were found unsuitable for large scale operations, 
but good results have been obtained by precipitation with alcohol 
and chloroform (8). 

To 1 1. of red cells in a 1-gallon Waring Blendor jar was added 
||. of 0.1 per cent ascorbic acid in 0.10 mM potassium phosphate 
buffer of pH 6.1. With the Blendor on medium speed, 600 ml. 
of 95 per cent alcohol were added. After thorough mixing, 200 


* For paper V, see (1). These studies were supported by Grant 
C-1479 of the National Cancer Institute of the United States 
Public Health Service, and by Grant P-136 of the American Can- 
cer Society. They have been presented in part at the 132nd meet- 
ing of the American Chemical Society (2). 

‘The abbreviation used is: TEAE-cellulose, triethylaminoethy] 
cellulose. 

*We acknowledge with appreciation the help of Mr. M. G. 
Coady of Merck Sharp and Dohme, West Point, Pennsylvania, in 
supplying this material. 


ml. of chloroform were added, and the Blendor was run at maxi- 
mal speed for 2 minutes. A clear straw-colored liquid was ob- 
tained by basket centrifugation. 

After vacuum evaporation of the organic solvents (to approxi- 
mately 1-1. residual volume) the remaining liquid was stirred for 
1 hour with 10 gm. of charcoal and the charcoal thoroughly 
washed with water. Adsorption of the active material may be 
checked by assay of the filtrates. It was desorbed from the 
charcoal by alcoholic ammonia (3), with the use of three 100-ml. 
portions. Evaporation of alcohol and ammonia under aspirator 
vacuum, followed by lyophilization, yielded a tan-colored powder 
(crude blood folate). A similar procedure was used in runs 
starting with about 300 1. of red cells. 

Preparation of TEAE-Cellulose Column—Diethylaminoethy]- 
cellulose was prepared according to Peterson and Sober (9) or 
obtained commercially,‘ and converted to the triethyl form by 
refluxing with ethyl bromide (10). Before the column was 
packed, the exchanger was washed with 1 per cent NaOH and 
then with water to neutrality. In most of the work, columns 
of 2.5 X 27 em., packed under moderate hydrostatic pressure, 
were used. At times, such columns did not flow at desired rates 
even with slight head pressure, but satisfactory flow character- 
istics could be obtained by the admixture of Celite 545.5 

Bacterial Assay—The three test organisms used were Lacto- 
bacillus casei (ATCC 7469), Streptococcus faecalis (ATCC 8043) 
and Leuconostoc citrovorum (Pediococcus cerevisiae, ATCC 8081). 
The method of assay (11) and growth medium (12) have been 
described before. Folate and N°-formyl-H,-folate were used as 
standards. 

Paper Chromatography and Bioautography—All chromatograms 
were run on Schleicher and Schuell No. 589 green ribbon paper 
by an ascending-descending technique (13). We have used the 
following solvent systems: (A) 5 per cent citric acid + NH,OH 
to pH 9.0, saturated with isoamyl] alcohol (14); (B) n-butanol- 
water-ethanol-acetic acid (52:28:20:0.3, volume for volume 
(3)); (C) 5 per cent NazgHPO, saturated with benzyl alcohol (14); 
(D) water-saturated sec-butanol + 3 per cent acetic acid (15); 
and (E) 15 percent NazgHPO,-12 H,O (16). 


tetrazolium was used as reported (17). 


Bioautography with 


3 Pilot plant runs were made at Merck and Company, Inc., 
Rahway, New Jersey. Weare grateful to Mr. M. Fedyk for his 
kind assistance. 

4 Brown Company, 650 Main St., Berlin, New Hampshire. 

5 Johns-Manville, New York, New York. 
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Fig. 1. Elution of folic acid compounds from a TEAE-cellu- 
lose column by a water to pH 6.1 phosphate gradient. Fractions 
assayed with Lactobacillus casei and Streptococcus faecalis. Peak 
I, N°-formylpteroate; II, N'°-formylfolate and N*5-formyl-H,- 
folate; III, folate; IV, pteroate; V, folyl-y-glutamate; VI, folyl- 
y-diglutamate. The abscissa shows the salt concentration of the 
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Fig. 2. Elution of crude blood folate-active compounds from a 
TEAE-cellulose column by a water to pH 6.1 phosphate gradient. 
Fractions assayed with Lactobacillus casei and Streptococcus faeca- 
lis. The abscissa shows the salt concentration of the effluent. 


RESULTS 


Folate and Derivatives on TEAE-Cellulose Column—Fig. 1 
shows the results obtained when known compounds were run on 
a TEAE-cellulose column. On the top of the columns were 
placed 1.2 ml. of an aqueous solution which contained 4 ug. each® 
of N-formylpteroate, N°-formylfolate, N*-formyl-H,-folate, 
folate, pteroate, folyl-y-glutamate, and folyl-di-y-glutamate. 


* We are indebted to the Lederle Laboratories Division of the 
American Cyanamid Company, for samples of the rarer com- 
pounds. 
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Enzymic digestion of folyl-di-y-glutamate gave the preceding 


compound which was isolated by column electrophoresis (4), , 
Elution at a rate of 2 ml. per minute was by a gradient of water | 


to 0.5 m phosphate buffer of pH 6.1. Ten-ml. fractions were 
collected... Conductivity measurements were used for determina- 
tion of the salt concentration of the effluent. The figure shows 
the relative folate activity of the fractions for L. casei and §. 
faecalis in arbitrary units. The fractions were freed of salt by 
the described charcoal adsorption and desorption procedure, and 
the resulting concentrate was subjected to paper chromatog- 
raphy and tetrazolium bioautography. Authentic samples were 
chromatographed simultaneously and served to identify the 
fractions from the column. Pteroate was found in tubes ob- 
tained from the position indicated by IV, but the shape of the 
peak was obscured by contiguous compounds. In some runs, 
formylfolate and formyl-H,-folate came out in separate peaks, 
Therefore, the elution sequence is that given above. 

Blood Folates on TEAE-Cellulose column—Fig. 2 illustrates a 
typical result obtained when crude blood folate is treated in a 
similar manner. Ten gm. of such material with an activity ap- 
proximately equal to that of 85 ug. of folic acid were placed on 
the column. Peak tubes were combined and purified: con- 
centrates were obtained via charcoal adsorption and desorption 
as described. 

Analysis of Fractionation—Table I lists the Rr values of com- 
pounds of the folate type in the solvent systems used for paper 
chromatography. The approximate salt concentrations re- 
quired for elution and the microbiological activities are also 
shown. The data are in general agreement with those of other 
authors. 

Data for formylated, reduced pteroic acid and formyl-H- 
folyl-y-glutamate and -di-y-glutamate were obtained with crude 
mixtures kindly supplied by Dr. A. Bolinder of the Royal In- 
stitute of Technology, Stockholm. These mixtures were chroma- 
tographed in solvent system A and on bioautography gave the 
results listed in Table II. 

Table III shows the data on the purified peak products ob- 
tained from the fractionation of blood folates. Table IV shows 
the effect of alkaline deformylation as proposed by Iwai and 
Nakagawa (18) for some compounds. 

On the basis of the data shown in Tables I to IV, the first 
component which is eluted may be identified as N°-formyl- 
pteroate by the following criteria: (a) microbiological activity 
(positive for S. faecalis, negative for L. casei); (b) salt concentra- 
tion required for elution (.04 m for Peak I, .06 m for N?°-formy!- 
pteroate); and (c) Rr values in various systems before and after 
subjecting the materials to the action of 0.5 n NaOH. 

A similar analysis indicates that the second peak is identical 
with N°-formylfolate: (a) microbiological activity for both L. 
casei and S. faecalis; (b) 0.08 m phosphate buffer is required for 
elution of both Peak II and N°-formylfolate; and (c) Rr values 
before and after NaOH action are similar for the two products. 

It is believed that N*-formyl-H,-folyl-y-glutamate is present 
in the third peak on the following basis: (a) microbiological 
activity (positive for L. casei, S. faecalis and Leuconostoc citre 
vorum); (b) the salt concentration required for elution of Peak 
III is approximately that which would be expected for this 
compound, on the basis of extrapolation from the data for known 
compounds; and (c) the available Rr data may be extrapolated 
to give values consistent with those found for the material from 
Peak III (see Table V). 
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TaBLe I 
Ry values for folic acid and related compounds 
Microbiological activity Rr in solvent system* 
Approximate 
Compound buffer molarity Snes 
for elution | 1. casei |S. faecalis | — ostoc A B Cc D E 
citrovorum 
N-Formylpteroate.......... es aUsedteoutal 0.06 = + = 0.48 0.54 0.44 0.61 
NII 5536.5 55:4 ciatno se vse Swadae sakes 0.08 + + ~ 0.66 0.26 0.83 0.28 0.73 
ee eee rr rere 0.08 + + + 0.65 0.34 0.78 0.36 0.71 
eee ieee eee ak oe 0.23 + + - 0.17 0.17 0.52 0.13 0.18 
ee ee eS ee 0.27 = + - 0.05 0.08 0.01 
Folyl-y-glutamate..... bicehacws be tum tee 0.29 + + — 0.31 0.12 
Folyl-di-y-glutamate. . pais arate Aca okkartntineoe altars 0.31 oe _ = 0.41 0.03 0.80 0.10 0.48 
N*-Formyl-H,-pteroate.....................05. | - + - (0.39) 
5,10-CH2-H,-folate be SO RR yy a nS ay er } + + + 0.65 0.25 0.84 
N*-Formyl]-H,-folylglutamate.................. oS a + (0.82) 
N*-formyl-H,-folyldiglutamate....... 43 4 — + (0.93) 
RNID sited sie cascn nyse i awoanewan + + o 0.70 0.58 0.75 
DNR acme sansa ny uinen aineyuaucerues | + + - 0.79 0.59 0.83 
* Numbers in parentheses are extrapolated values. 
TaBLe II TaBLe III 


Ry values for mixtures resulting from formylation and reduction of 
pteroate and folyldiglutamate; solvent system A 


Rr values and microbiological activities for fractions of blood 
folate-active compounds 





| 
Compound L.caseeé | S. faecalis 





Formylated, reduced pteroate 


NE irk. atyacni de ak beret were —_ 0.01 
Probably N‘5-formyl-Hy-pteroate........ — 0.39 
N‘-Formyl]pteroate..... ee — 0.49 
Formylated, reduced folyldiglutams rte | 

ERS es ae Ue enact aah axe caaen ne ~- 0.01 
ae AGawans Sr ean e 0.16 0.17 
Folyl-y- gratemate. Piatt NabeineheceeaeeeGed 0.31 0.31 
Folyl-di-y-glutamate................... 0.41 ~~ 

N"-Formylpteroate.......... — 0.49 
N*-Formyl-H,-folate or N5 Sormyifolate 0.65 0.67 
RR OTe ACE Ee ee One pregrrn — 0.71 
Probably N‘5-formyl-H,-folylglutamate. . 0.82 0.82 








Probably N5-formyl-H,-folyldiglutamate| 0.93 — 





Peak V is tentatively identified as N*-formyl-H,-folyl-di-y- 
glutamate by similar argument, the major difference from the 
previous compound being in lack of activity for S. faecalis. 

At the present time, there is not sufficient evidence to enable 
us to decide on possible structures for the remaining components 
(Peaks IV and VI to IX). Table V represents a tentative 
analysis of the relations between Rp value and structure of folic 
acid compounds. The table is arranged so that 1 glutamic acid 
residue is added for each column as one progresses from left to 
right. Parent compounds are in the top group, formylated de- 
tivatives in the second, and the third group contains the com- 
pounds which are both formylated and reduced. For each par- 
ticular solvent system, trends may be noted both in a horizontal 
plane (e.g. for solvent system A, .05, .17, .31, .41) and in a vertical 
plane. Extrapolation from these data gives the estimates shown 
in parentheses (compare with Table II). Study of the data in 
Table V and the Rr values of the remaining blood folate frac- 
tions suggests that if they contain compounds directly related 
































Microbiological activity Solvent system 

Approxi- a. 

na Eel |, lil. |.t. i 

olution casei faecalis a. A B D E 
| 

I 0.04 - + - 0.49 0.44 | 0.61 
II 0.08 + + - 0.65 | 0.22 | 0.31 | 0.74 
Ill 0.16 + + + 0.77 | 0.10 | 0.15 | 0.90 
IV 0.23 + - = 0.42 | 0.10 | 0.08 | 0.36 
V 0.26 + - + 0.83 | 0.10 | 0.06 | 0.88 
VI-IX |0.27-0.34| + — - 0.85 | 0.10 | 0.06 | 0.88 

| 

TaBLe IV 


Effect of deformylation (0.6 n NaOH, 87°, 17 hours) on folic acid 
derivatives and on blood folate-active components 














| Solvent system 
Compound or fraction Treated | 

| A | D E 

| } 
N-Formylpteroate.......... No 0.49 | 0.48 0.64 
N*-Formylpteroate.......... Yes | 0.01 | 0.11 0.02 
ere No 0.01 | 0.11 0.02 
N-Formylfolate...........| No 0.63 | 0.28 0.73 
N*-Formylfolate...........| Yes | 0.16 | 0.15 0.18 
EE arka. onc ekwscadieteks No 0.16 | 0.13 0.18 
RRR a a eee ey No 0.49 | 0.47, 0.57 | 0.63 
WE ah Se cunkantdtGhuried Yes | 0.01 | 0.10, 0.57 | 0.02 
EE 5 es Visuhbosa teed No 0.68 0.68 
PE Rs sass basdesces esha Yes | 0.17 0.17 














to pteroylglutamic acid, they may be formylated and poly- 
glutamyl derivatives. However, incubation with chicken 
pancreas conjugase preparations does not increase the S. faecalis 
assay to any significant extent. In view of the reported ability 
of the enzyme to release the S. faecalis-active diglutamate from 
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TABLE V 
Rr values for folic acid family, extrapolated for glutamyl derivatives 
of N*-formyl-H,-folate 











pore Folic acid compounds 
Pteroate | Folate | Folyl-y- Folyl-di-y- 
glutamate glutamate 
; 0.05 0.17 | 0.31 0.41 
ee 0.17 | 0.03 
bac 0.52 0.80 
isis va 0.08 | 0.13 | 0.12 0.10 
ee 0.01 0.12 | 0.30 
N”-Formyl]-| N°-Formy1-| 
pteroate | folate 
oe 0.48 0.66 | 
Bi. 0.54 0.26 | 
oi. 0.83 | | 
D. 0.44 0.28 | 
E. 0.61 0.73 | | 
N5-Formy1- | N5-Formy]- N5-Formyl- 
| H,-folate | Hy,-folyl- H,-folyl- 
glutamate | digluta- 
mate 
ae 0.65 (0.8) (0.9) 
a 0.34 (0.1) (0.1) 
aoe 0.78 | (0.9) (0.9) 
Ie | 0.36 | (0.15) (0.08) 
Se 0.68 (0.85) 


(0.90) 


both the hepta- and the triglutamate (19), this observation 
would lead one to doubt that the unknown components are 
polyglutamyl conjugates of simple pteroylglutamic acid deriva- 
tives. 

DISCUSSION 


Iwai and Nakagawa (18) concluded from studies on green 
leaves, beef liver, and bakers’ yeast “that naturally occurring 
folic acid group may be mostly formylated or formylated and 
reduced derivatives” of folic acid and leucovorin. The present 
results on human blood are not at variance with this conclusion. 

Human blood has much greater folate activity when measured 
by L. casei than by S. faecalis (20). This is consistent with the 
present finding that blood concentrates fractionated on TEAE- 
cellulose columns give one peak with only S. faecalis activity 
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but several which have only L. casei activity. Other authors 
(14, 21, 22) who have studied naturally occurring folates have 
depended on S. faecalis for their folate assay. The most obvious 
explanation for L. casei activity at a higher level than S. faecalis 
activity is the presence of folate derivatives at the triglutamy] 
(or higher) level. We have incubated blood folate concentrates 
with conjugase preparations (shown to be active by their action 
on folyl-di-y-glutamate) but have obtained only slight increases 
in S. faecalis folic acid values. 

In the present work, no attempt has been made to relate the 
blood folates with unsubstituted derivatives of di- and tetra- 
hydrofolic acid, since their detection would depend on the use of 
an inert atmosphere throughout, an approach which has been 
reserved for a later stage of the investigation. 

When different blood folate preparations from pooled human 
red cells are subjected to TEAE-cellulose fractionation, the 
results obtained are not completely identical. Usually patterns 
very similar to that of Fig. 2 are obtained, but the relative heights 
of individual peaks vary. Studies are under way to determine 
whether these variations reflect differences in the original blood 
samples or whether they arise during the purification and frae- 
tionation procedures. The number of peaks observed has varied 
between 9 and 11. 


SUMMARY 


Folate-active material derived from human red blood cells has 
been subjected to triethylaminoethyl-cellulose column chroma- 
tography with use of a gradient of water to 0.5 m phosphate 
buffer of pH 6.1 as eluent. At least nine peaks have been noted 
when the effluent has been assayed for folate activity with the 
microorganisms Lactobacillus casei, Streptococcus faecalis and 
Leuconostoc citrovorum. N*-Formyl  pteroate, N°-formyl 
pteroylglutamate (N-formylfolate), N*-formyl-5,6,7 ,8-tetra- 
hydropteroyl-y-glutamyl glutamate (N°-formyltetrahydrofolyl- 
y-glutamate), and N°*-formyl-5,6,7 ,8-tetrahydropteroyl-di-y- 





glutamyl glutamate (N*-formyltetrahydrofolyl-di-y-glutamate) | 


have been tentatively identified as components. 
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Pyrimethamine (Daraprim (Burroughs 
diamino-5-p-chloropheny|-6-ethylpyrimidine) is used in the 
treatment and prevention of malaria (1). When used in com- 
bination with one of the sulfonamides, it is also effective in the 
treatment of toxoplasmosis (2) and coccidiosis (3).  Pyri- 
methamine is one of a series of 2,4-diaminopyrimidines which 
have been shown to be antagonists of folic acid and citrovorum 
factor (formyltetrahydrofolic acid) for the growth of Lacto- 
bacillus casei (4). In Streptococcus faecalis the inhibition by 
pyrimethamine is reversed only at low concentrations by folic 
acid; citrovorum factor was much more effective as a reversing 
agent (4). Thus growth inhibition reversal studies would pre- 
sumably classify pyrimethamine as an antifolic acid drug similar 
to amethopterin. However, it was believed that a study of the 
action of pyrimethamine on a system divorced from growth was 
desirable in order to understand more fully its mechanism of 
action. The ultimate aim of these studies will be to determine 
the means by which resistance may develop to the action of the 
antifolic acid drugs. 


Wellcome); 2,4- 


The experiments described in this paper were carried out with 
washed-cell suspensions and cell-free extracts of S. faecalis. It 
has been demonstrated that pyrimethamine is a potent inhibitor 
of the conversion of folic acid to citrovorum factor in these 
systems. The inhibition has been found to be of the non- 
competitive type and to involve the endogenous conversion of 
folic acid to citrovorum factor rather than the assimilation of 
folic acid by the cells. In addition, the effect of pyrimethamine 
on the synthesis of folic acid from p-aminobenzoic acid has been 
investigated. 


EXPERIMENTAL 


Methods 


Folic Acid to Citrovorum Factor Reaction Systems—The whole- 
cell system was similar to that described by Nichol (5) for the 
study of the action of amethopterin. Cells of S. faecalis (ATCC 
8043) were grown overnight in Difco folic acid medium that 
contained 1 myg. of folic acid per ml. After the cells were 
harvested and washed they were incubated at 37° for 
without aeration in the following medium: 0.1 gm. of 
15 gm. of KH2PO,, 3.5 gm. of NasHPO,, 2.0 gm. of glucose, 
and 1000 ml. of distilled water. This depletion of the cells was 
necessary to avoid errors in assay due to the occurrence of 
titrovorum factor-like material in the control systems. The 
concentrations of the reactants with two exceptions were as 
given by Nichol (5). Only 50 to 100 mug. of folic acid per ml. 
(1000-fold less than that used by Nichol) were necessary for 


3 hours 
MgSO,, 


optimal citrovorum factor production in this system. Further- 
more, magnesium was added because it was found to double the 
yield of this factor. Optimal citrovorum factor production 
occurs with 1 mg. of MgCl.-6 H.O per ml. and this concentra- 
tion has been used throughout. 

Cell-free extracts of S. faecalis were prepared from 20 1. of 
cells grown in Difco folic acid medium that contained 0.5 mug. 
of folic acid per ml. The yield of washed cells from this volume 
amounted to 18.5 gm. wet weight. They were suspended in 90 
ml. of 0.1 m phosphate buffer, pH 6.5, and sonicated at maximum 
power in the Raytheon 10 ke. sonic oscillator for 1 hour at 6°. 
The extracts were clarified by several centrifugations at 20,000 x 
g. By the sulfosalicylic acid method (6), with crystalline bovine 
albumin as standard, the extracts contained 5.4 mg. of protein 
per ml. Unlike the system of Nichol (5), TPNH (7-10) has 
been used here instead of DPN and glucose. ATP, MgCl, and 
sodium formate showed little or no stimulatory effect on citro- 
vorum factor production, so they were omitted. The factors 
essential for citrovorum factor synthesis are folic acid, extract, 
ascorbic acid, and TPNH. 

After incubation the reaction systems were heated at 120° for 
30 minutes to convert the product to citrovorum factor (5). 
This was assayed with Pediococcus cerevisiae (ATCC 8081) grown 
in Difco CF assay medium. It was necessary to run a standard 
curve along with each assay, as the growth response of P. 
cerevisiae to citrovorum factor is variable. dl-Calcium leucovorin 
(Lederle) was used as the standard, and the results have been 
expressed in terms of this diastereoisomer. 

p-Aminobenzoic Acid to Folic Acid Reaction System—This 
system is based on that used by Nimmo-Smith et al. (11) for a 
study of the action of the sulfonamides on folic acid synthesis. 
Escherichia coli M48-34,' which requires p-aminobenzoic acid for 
growth, was grown overnight in medium ‘“‘A”’ of Lascelles and 
Woods (12) supplemented with 5 mug. of this vitamin per ml. 
The cells were depleted of stored folic acid by incubation in the 
salts-glucose medium described above for a similar treatment of 
S. faecalis cells. Depletion of the cells results in a higher pro- 
duction of folic acid.2_ The components of the reaction system 
with one exception were the same as those given by Lascelles 
and Woods (12). /-Glutamic acid was found to be unnecessary 
for folic acid synthesis when S. faecalis was used as assay or- 
ganism. The “folic acid’ formed was assayed with a strain of 
S. faecalis which had been rendered approximately 1000-fold 
resistant to pyrimethamine. 


Difco folic acid assay medium was 
employed for the assays. 


1 Kindly furnished by Dr. B. D. Davis. 
2? Unpublished experiment of R. C. Wood. 
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RESULTS 


Effect of Pyrimethamine on Biosynthesis of Citrovorum Factor— 
The effect of pyrimethamine on the conversion of folic acid to 
citrovorum factor by whole cells and by cell-free extracts of S. 
faecalis is shown by the data in Table I. Approximately 10 
mug. of pyrimethamine per ml. were required to inhibit citro- 
vorum factor synthesis by the cells and extracts by 50 per cent. 
This concentration is of the same order of magnitude as that 
required to inhibit the growth of S. faecalis by 50 per cent (13). 
Folic acid was capable of counteracting the effects of low (2 
myg. per ml.) concentrations of pyrimethamine; however, 


TABLE [| 


Effect of pyrimethamine on biosynthesis of citrovorum factor by 
whole-cells and by cell-free extract of Streptococcus faecalis 





Whole-cells* | Cell-free extractt 


| 




















Pyrimethamine | CFE produced | Tzrimewattow | OF produced 
mata. mug./mg. cells | myug./ml. myg./mg. protein 
0.0 85.0 | 0.0 | 3.7 
0.5 84.5 | 1.6 | 3.3 
5.0 55.0 | 3.1 | 2.4 
50.0 25.0 | 12.5 2.0 
500.0 16.5 | 50.0 1.3 





° ‘The complete whole- cell system consisted of washed, N de- 
pleted bacterial cells (2 mg. dry weight); folic acid (100 myg. 
per ml.); glucose (0.01 mM); ascorbic acid (0.005 m) ; sodium formate 
(0.01 m); MgCl.-6H.2O (0.006 m); and phosphate buffer (0.1 Mm, 
pH 6.5) in a final volume of 2.0 ml. The systems were incubated 
at 37° for 2 hours in the Dubnoff metabolic shaking incubator un- 
der an atmosphere of 95 per cent nitrogen and 5 per cent carbon 
dioxide. 

+ The cell-free systems comprised extract (5.4 mg. protein); 
folic acid (2 ug. per ml.); TPNH (0.00014 m); ascorbic acid (0.0014 
mM); and phosphate buffer (0.1 M, pH 6.5) in a final volume of 2.0 
ml. The systems were incubated as above but for 3 hours. 

¢ CF, citrovorum factor. 
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Fie. 1. The effect of pyrimethamine on the conversion of folic 
acid to citrovorum factor by cells of Streptococcus faecalis. Upper 
curve, 2.5 mug. pyrimethamine per ml.; lower curve, control. 
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citrovorum factor production normally was not restored com- 
pletely to that of the control despite an excess (100 myg. per ml.) 
of folic acid. This suggested that pyrimethamine may be acting 
as a noncompetitive inhibitor. A Lineweaver and Burk (14) 
type plot of the effect of pyrimethamine on citrovorum factor 
synthesis by the whole cells is shown in Fig. 1. A pair of parallel 
curves without a common intercept was obtained. 

Inhibition by Pyrimethamine of Conversion of Endogenous Folie 
Acid to Citrovorum Factor—Since the inhibitory effect of pyri- 


Tase II 
Effect of pyrimethamine on uptake of folic acid and upon its 
endogenous conversion to citrovorum factor by cells of 
Streptococcus faecalis 








Intra- cCF* juced f 
FA* uptake systemt cellular FA << pees ee 
veheaand | intracellular FA 
mug. /ml.t mug. /ml.t 
. Pyri- 
Control + methonine 
Cells alone...... 0 0 
Cells + folic acid + glucose. ... 25 | 7s 3.0 
Cells + folic acid + glucose + pyri- 
methamine. . 25 7.5 3.3 


* FA, folie acid; CF, citrovorum factor. 

+ The complete folic acid uptake systems consisted of washed, 
N-depleted cells (12 mg. dry weight); glucose (0.2 per cent); folie 
acid (50 mug. per ml.); phosphate buffer (pH 7.2); and, where in- 
dicated, pyrimethamine (20 mug. per ml.) in a total volume of 
6.0 ml. They were incubated in air at 37° for 15 minutes. The 
intracellular folic acid was released for assay with Streptococcus 
faecalis by heating at 120° for 10 minutes. Further details given 
in the text. 

¢ Citrovorum factor synthesis systems as described in Table 
I, but without folic acid. Pyrimethamine, where indicated, at 
20 mug. per ml. 





Tase III 
Production of citrovorum factor after exposure of Streptococcus 
_ Sacc alis cells to pyrimethamine, folic acid, and glucose 











| CFft produced 


Exposure system* 








mug./ml. 


Cells alone at oes ralarirans HOTS 20 
Cells + pyrimethamine 0 
Cells + folie acid eps i ti 25 
Cells + folie acid + py rimetha amine (ixmcoswel 0 
Cells + glucose pitts 25 
Cells + glucose + pyrimethamine 15 
Cells + folic acid + glucose 130 
Cells + folic acid + glucose + py rimethamine . 80 














* The Pa 0 ml. exposure systems contained the following: 
washed, N-depleted bacterial cells (6 mg. dry weight) ; pyrimeth- 
amine (20 ug. per ml.); folic acid (1.0 ug. per ml.); glucose (0.2 
per cent); and phosphate buffer (0.1 mM, pH 6.5). The systems 
were incubated in air at 37° for 30 minutes. Following incuba- 
tion the cells were washed 3 times with buffer. Then they were 
resuspended in 1.0 ml. of buffer and a 0.5 ml. aliquot of the cellu- 
lar suspension was removed and added to the complete citro- 
vorum factor synthesis system (50 mug. of folic acid per ml.; no 
additional pyrimethamine) as described in Table I. Citrovorum 
factor synthesis was then allowed to proceed in the usual manner. 

+ CF, citovorum factor. 
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methamine on the synthesis of citrovorum factor in the above 
system might have reflected interference with the uptake of folic 
acid by the cells, the following experiment was designed to 
determine the effect of the drug on the conversion of endogenous 
folic acid to citrovorum factor. 

Washed cells of S. faecalis were allowed to take up folic acid 
(15) in the presence and in the absence of pyrimethamine. The 
cells were washed with phosphate buffer and the cells from each 
of the three uptake systems (see Table II) were divided into 
three equal parts. One portion of cells was assayed for the 
amount of folic acid taken up (the intracellular folic acid), and 
the other two portions were added to the usual citrovorum 
factor synthesis system. One of these systems served as control, 
while the other contained the same relative concentration of 
pyrimethamine as the folic acid uptake system. No additional 
folic acid was added. Hence the citrovorum factor was syn- 
thesized exclusively from endogenous folic acid. The results of 
this experiment (Table II) demonstrated that a concentration 
of 20 mug. of pyrimethamine per ml. was without effect upon 
the uptake of folic acid, but inhibited the conversion of en- 
dogenous folic acid to citrovorum factor by 58 per cent. 

Effect of Stored Pyrimethamine on Synthesis of Citrovorum 
Factor by S. faecalis Cells—When pyrimethamine-2-C™ is in- 
cubated with washed suspensions of S. faecalis, a certain propor- 
tion of the drug is taken up and stored by the cells (15). It was 
observed that when the cells were exposed to pyrimethamine 
and then washed several times with buffer, there was an ap- 
preciable inhibition of the subsequent synthesis of citrovorum 
factor, presumably due to the residual stored drug. This is 
shown in Table III. Glucose was effective in partially counter- 
acting the inhibition by pyrimethamine of the subsequent syn- 
thesis of citrovorum factor, presumably due to the ability of 
glucose to inhibit the uptake of the drug (15). In contrast, 
folic acid was incapable of preventing the subsequent inhibition 
of citrovorum factor synthesis by stored pyrimethamine. 

Effect of Pyrimethamine on Biosynthesis of Folic Acid—A\I- 
though it was found that pyrimethamine is a potent inhibitor 
of the conversion of folic acid to citrovorum factor, there re- 
mained the possibility that the site of action of the drug might 
be broad enough to include also the synthesis of folic acid. Ac- 
cordingly, the effect of pyrimethamine on the synthesis of folic 
acid from p-aminobenzoic acid by cells of EZ. coli was investi- 
gated. As shown in Table IV, approximately 5 ug. of pyri- 
methamine per ml. were required to inhibit by 50 per cent the 
synthesis of folic acid in the EZ. coli system. This is about 500- 
fold more than is required to inhibit the conversion of folic acid 
to citrovorum factor. 


DISCUSSION 


The fact that parallel curves are obtained when the effect of 
pyrimethamine on the conversion of folic acid to citrovorum 
factor is plotted according to the method of Lineweaver and Burk 
(Fig. 1), indicates that pyrimethamine, like amethopterin (10), 
is a noncompetitive inhibitor of citrovorum factor synthesis. 
The same conclusion regarding pyrimethamine action was 
tached by Doctor (16), who used chick liver supernatants to 
study this reaction. 

Cook and Jacobs (17) observed that residual activity against 
Toxoplasma persisted for several weeks after administration of 
pyrimethamine to monkey kidney cells. These results were 
interpreted to mean that pyrimethamine may be stored by cer- 
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TaBLe IV 


Effect of pyrimethamine on biosynthesis of folic acid by cells of 
Escherichia coli 





Pyrimethamine concentration FA* produced 








pg./mil. mug./mg. dry cellst 
0.0 8.5 
0.05 8.5 
0.5 6.0 
5.0 4.3 





* FA, folic acid. 

1 The complete reaction systems consisted of washed, N-de- 
pleted cells (3.5 mg. dry weight); p-aminobenzoic acid (100 mug. 
per ml.); glucose (0.1 per cent); and Sgrensen’s phosphate buffer 
(0.1 m, pH 6.5) in a total volume of 3.0 ml. 
incubated aerobically for 2 hours at 37°. Then they were heated 
at 120° for 10 minutes. The cells were removed by centrifugation 
and the ‘‘folic acid’’ present in the supernatants was assayed 
microbiologically. 


The systems were 


tain cells for prolonged periods of time. The present results 
with bacterial cells (Table III) would seem to agree with this 
interpretation. It is interesting to note that despite the in- 
hibitory effect of glucose on the uptake and therefore the storage 
of pyrimethamine, there is still sufficient absorption of the drug 
to inhibit significantly the subsequent synthesis of citrovorum 
factor (Table ITI). 

The biosynthesis of folic acid from p-aminobenzoic acid may 
be even more insensitive to pyrimethamine than indicated by 
the results presented in Table IV. The inhibition by 5 ug. of 
pyrimethamine per ml. may be only apparent and may merely 
reflect the effect of the drug on the growth of the strain of S. 
faecalis used for the assay of the folic acid synthesized. Simi- 
larly, Davidson et al. (18) found that the growth of a p-amino- 
benzoic acid-requiring mutant of EF. coli is not inhibited by 10 
ug. of amethopterin per ml. It appears reasonably certain that 
the primary site of action of pyrimethamine is the conversion of 
folic acid to citrovorum factor, and not the synthesis of folic 
acid. The marked differences between pyrimethamine and 
amethopterin in chemotherapeutic effects appear to depend, 
therefore, on differences in uptake mechanisms (15) rather than 
on differences in locus of action. 


SUMMARY 


The conversion of folic acid to citrovorum factor by cells and 
by extracts of Streptococcus faecalis is inhibited noncompetitively 
by a concentration of pyrimethamine which is of the same order 
of magnitude as that required to inhibit the growth of this 
bacterium. At a concentration of pyrimethamine which in- 
hibits appreciably the conversion of endogenous folic acid to 
citrovorum factor, there is no effect upon the assimilation of 
folic acid. After exposure of Streptococcus faecalis cells to 
pyrimethamine, the cells retain sufficient drug through repeated 
washes to inhibit a subsequent synthesis of citrovorum factor. 
This effect is not counteracted by folic acid, but is diminished 
by glucose which is known to cause the release of pyrimethamine 
from the cells. 

The effect of pyrimethamine on the biosynthesis of folic acid 
by Escherichia coli cells was investigated, and it was found that 
there is no significant inhibition of this reaction by the drug. 
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In the course of a study of the mechanism of action of the anti- 
malarial drug pyrimethamine (Daraprim (Burroughs Wellcome) ; 
2 4-diamino-5-p-chlorophenyl-6-ethy] pyrimidine) (1), it was ob- 
served that cells of Streptococcus faecalis took up and stored the 
drug and that glucose greatly inhibited this uptake. When 
similar experimental conditions were employed for a study of the 
uptake of folie acid and leucovorin (N*-formy]-5,6,7 ,8-tetra- 
hydrofolie acid) by cells of Streptococcus faecalis, it was observed 
that glucose is essential for both the accumulation and degrada- 
tion of these vitamins (2). Since nothing appears to be known 
regarding the mechanism for cellular penetration by these vita- 
mins, a more intensive study of the factors influencing their 
uptake and degradation was undertaken. 

There have been several investigations of the uptake of some 
other vitamins by bacteria. MclIlwain and Hughes (3) found 
that glucose is essential for the accumulation of pantothenic acid 
by suspensions of hemolytic streptococci. Oginsky (4) described 
the uptake of vitamin Bis by Escherichia coli. Glucose did not 
seem to be essential in this case. Lichstein and Ferguson (5) 
reported that cells of Lactobacillus arabinosus assimilate biotin 
more efficiently in the presence of glucose. 

A number of investigators have studied the degradation of 
folic acid and citrovorum factor (formyltetrahydrofolic acid). 
Woods (6) reported on the work of Lilienthal who found that 
Lactobacillus casei degrades all but about 1 per cent of proffered 


folic acid, and this occurs best in the presence of glucose. The 
remaining 1 per cent was converted to citrovorum factor. Sev- 


eral other investigators (7-9) have demonstrated the degradation 
of folie acid and citrovorum factor by liver. A diazotizable 
amine is produced during the reaction, probably due to the 
spontaneous decomposition of the product, tetrahydrofolic acid, 
to p-aminobenzoylglutamic acid and a pteridine. Braganca and 
Krishnamurthy (10) found the degradation of folic acid by hu- 
man erythrocytes to be due to a peroxidase. 

This paper describes the accumulation and degradation of folic 
acid and leucovorin by various species of bacteria under several 
sets of experimental conditions. The antifolic acid drugs 
pyrimethamine and aminopterin have been investigated in a 
similar manner. The results suggest that the vitamins and 
their structural analogue, aminopterin, may enter the cell by 
means of an active transport mechanism, whereas pyrimethamine 
probably enters by passive diffusion. 

*A preliminary report of this work was presented at the an- 


nual meeting of the Federation of American Societies for Experi- 
mental Biology, Atlantic City, New Jersey, April 13 to 17, 1959 (2). 
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EXPERIMENTAL 


Methods 


Bacterial Growth Media—Bacteria were grown overnight in the 
following media: S. faecalis (ATCC 8043) in Difco folie acid 
assay medium containing 1 myg. of folic acid per ml.; L. casei 
(ATCC 7469) in the semisynthetic “O” medium of Hitchings 
et al. (11), which was supplemented with 0.5 mug. of folie acid 
per ml.!; Pediococcus cerevisiae (Leuconostoc citrovorum) (ATCC 
8081) in Difco CF assay medium containing 1 mug. of leucovorin 
per ml.; and £. coli, strain B, on 1.0 gm. of NH,Cl, 0.1 gm. of 
MgSO,, 1.5 gm. of KH2PO,, 3.5 gm. of NasHPO,, 2.0 gm. of 
glucose, 15.0 gm. of agar, and 1000 ml. of distilled water. Oc- 
casionally synthetic medium “A” of Lascelles and Woods (12) 
was used instead for the growth of E. coli. 

Preparation of Washed-Cell Suspensions—The cells were 
harvested by centrifugation and washed with 1.0 per cent sodium 
chloride solution. Then they were depleted of their stored folic 
acid and citrovorum factor activity by incubation for 3 hours in 
the medium detailed above for E. coli, lacking NH,Cl and agar. 
After this, the cells were washed again and were ready for use. 

Vitamin Uptake Systems—These consisted of washed, N- 
depleted bacterial cells, 40 to 50 mug. of folic acid or leucovorin 
per ml., 0.2 per cent glucose, and phosphate buffer in a total 
volume of 3.0 ml. The phosphate buffer (pH 7.2) originally 
contained 0.1 gm. MgSO, in addition to 3.5 gm. NasHPO, and 
1.5 gm. KH2PO, per 1000 ml. of water. However, later it was 
found that MgSO, is not essential for this reaction, so it was 
omitted. 

The uptake systems were incubated in air at 37° for 20 to 30 
minutes followed by several rapid washes of the cells with 1.0 
per cent sodium chloride solution. The reaction system super- 
natants were assayed microbiologically for the quantity of 
vitamin remaining. To determine the amount of vitamin which 
had been actually taken into the cells during the reaction, the 
washed cells were resuspended in 2.5 ml. of sodium chloride 
solution (total volume, 3 ml.) and heated in the autoclave for 
10 minutes at 120° to release the stored cellular materials, which 
were also assayed microbiologically. Folic acid was assayed with 
S. faecalis; citrovorum factor with P. cerevisiae. Difco assay 
media were employed. A standard curve accompanied each 
assay. dl-Calcium leucovorin (Lederle) was used as standard 


1Tt was observed that L. casei cells would not act upon folic 
acid if they had been grown in Difco micro inoculum broth. 
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TABLE I 


Disappearance and recovery of folic acid and leucovorin from 
bacterial cells 


























Bacterial species 
Uptake system® S. faecalis L. casei iP. corevisies E. coli 

RM?| RL¢| RM | RL | RM RL RM | RL 

Mik SE i KAS Gack Geel Webel eel 
FA4 alone (no cells)...... 50 50 | | 50 50 | 
ee 50 | 0 | 25| 13 | 50] 0 | 50] 0 
Cells + FA + glucose.....| 13 | 35} 0| 0 | 50| 0 | 50} 0 
CF¢ alone (no cells)...... 45 | 40 | | 45 50 
Cells + CF.... ; .-| 461 OO} | 27|38| 7 |30| 0 
Cells + CF + glucose.... 4} 0 | 0; 0} O|; 2 | 50} 0 











@ Uptake system described in ‘‘Methods;’’ 6 mg. dry weight of 
cells were used per system. There was no detectable folic acid or 
citrovorum factor present in the N-depleted cells. 

’ RM, mug. of folic acid or leucovorin per ml. remaining in 
supernatant after 20 to 30 minutes incubation at 37°. 

¢ RL, mug. of folic acid or leucovorin per ml. released from cells 
after heating for 10 minutes at 120°, z.e. the intracellular folic 
acid or leucovorin. 

4FA, folic acid; CF, leucovorin. 


TABLE II 


Production of diazotizable amine from folic acid and leucovorin 





Amine production? 





Degradation system® 











S. faecalis| L. casei ong /E coli 
i ib it asia ee |——-]-——_-|—— 
Cells + folic acid + glucose. . Trace | 5 1.7 0 
Cells + leucovorin + glucose..... 0 2.1 0 0 











’ 


@ Degradation system described in ‘‘Methods.’’ Dry weight of 
cells per system, 8.5 mg. 

> Amine production based on ug. p-aminobenzoylglutamic acid 
per 2 ml. as standard. Results have been corrected for amine 


normally present in folic acid (16). 


TaB_Le III 


Stoichiometry of reaction catalyzing degradation 
of folic acid and leucovorin 





Amine produced versus 
FA? or CF? remaining® 


Reaction system* 














S. faecalis P. cerevisiae 
Amine | FA or CF | Amine FA or CF 
ee ot ae 
| | 
FA alone (no cells).... 3.84 | 22.4 | 3.84 22.4 
Cells + FA......... eer | 20.4 | 9.0 16.3 
Cells + FA + glucose..... 5.7 | 18.3 | 23.3 0.4 
CF alone (no cells)..... 0.0 | 34.3 | 0.0 34.3 
Cells + CF............ 0.0 | 34.3 | 0.0 | 34.3 
Cells + CF + glucose... 2.6 | 30.1 0.0 30.9 








* Degradation reaction system described in ‘‘Methods.”’ 
weight of cells per system, 8.5 mg. 

+> FA, folic acid; CF, leucovorin. 

¢ Concentrations in mymoles per ml. Amine production based 
on p-aminobenzoylglutamic acid as standard. 

¢ Amine present in freshly prepared solution of folic acid (16). 
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in the citrovorum factor assays, and the results have been re- 
ported in terms of this diastereoisomer. 

Vitamin Degradation Systems—These consisted of washed 
bacterial cells; either 10 ug. of folic acid or 20 ug. of leucovorin 
per ml.;-0.5 per cent glucose; and 0.05 m, pH 6.4 S¢rensen’s 
phosphate buffer in a total volume of 3.0 ml. The systems were 
incubated in air at 37° for 4 hours. After incubation the cells 
were removed by centrifugation and the supernatants were as- 
sayed for diazotizable amine with the use of the Bratton and 
Marshall (13) test. The amine produced presumably was p- 
aminobenzoylglutamic acid (7, 8), and this compound has been 
used as the standard. 

Sources of C*-Labeled Drugs—Pyrimethamine-2-C" wag 
synthesized in this laboratory by Dr. Norman Whittaker and 
had a specific activity of 240 c.p.m. per ug. Aminopterin-2-C¥ 
was a gift of the Southern Research Institute, Birmingham, 
Alabama. It had a specific activity of 12,333 ¢.p.m. per yg, 
The growth of S. faecalis was inhibited 50 per cent by 0.6 myg. 
of aminopterin-2-C" per ml. This agrees with the concentration 
of purified aminopterin reported to effect a similar degree of 
inhibition of this species (14, 15). It did not support growth in 
the absence of folic acid. 

RESULTS 

Uptake and Breakdown of Folic Acid and Leucovorin by Various 
Bacterial Species—In Table I are shown the results of a survey 
of the action of several species of bacteria on folic acid and 
leucovorin. It will be observed that glucose was always es- 
sential for maximum uptake or disappearance of the vitamin. 
In S. faecalis folic acid was taken up by the cells and then could 
be recovered upon heating. In L. casei both folic acid and 
leucovorin disappeared from the reaction system and could not 
be recovered from either the cells or supernatants, and the same 
was true of P. cerevisiae and leucovorin. Finally, E. coli cells 
manifested no action on either folic acid or leucovorin. 

In S. faecalis the folic acid absorbed was retained within the 
cells throughout several washes with 1.0 per cent sodium chloride 
solution and was released quantitatively upon heating the cells. 
In those instances where folic acid or leucovorin disappeared 
from the reaction system and could not be recovered from the 
cells upon heating, degradation of the vitamin which disappeared 
seemed probable since a number of investigators (7-10) have 
shown that folic acid and citrovorum factor are degraded to 
p-aminobenzoylglutamic acid plus pteridine(s). 

To determine whether degradation might be occurring, similar 
reaction systems were set up and the diazotizable amine formed 
was assayed. The results are given in Table II. It was neces 
sary to employ higher concentrations of folic acid and leucovorin 
(10 and 20 ug. per ml., respectively) to achieve the formation of 
a detectable amount of amine, as the lower limit of sensitivity 
of the Bratton-Marshall test is about 0.5 ug. (1.9 mymoles) of 
p-aminobenzoylglutamic acid per ml.2 With L. casei there was 

2 A series of attempts was made to assay microbiologically the 
p-aminobenzoylglutamic acid formed from millimicrogram cot- 
centrations of folic acid and leucovorin. However, the acid 
produced during the growth of the assay organism (L. arabinosw 

17-5) caused the degradation of folic acid and leucovorin, pro 
ducing more p-aminobenzoylglutamic acid (17). Buffering the 
growth medium was of no avail. FE. coli M48-34 was also tried # 
assay organism, but it responded only to p-aminobenzoic acid ant 
not to p-aminobenzoylglutamic acid. 

Paper chromatography with the use of the solvent systems @ 
Webb (18) separated p-aminobenzoylglutamic acid from folie act 
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agreement between the disappearance of folic acid and leucovorin 
and the concomitant formation of amine. There was also agree- 
ment in a negative sense with E. coli cells: There was no produc- 
tion of amine, agreeing with the failure of this species to act upon 
folic acid and leucovorin. However, both P. cerevisiae and S. 
faecalis removed leucovorin from the medium (Table I) but did 
not form detectable amounts of amine (Table II). It seemed 
possible that conjugates of citrovorum factor had been formed 
which would be unavailable to the assay organisms. However, 
treatment of both cells and supernatants with hog kidney (19) 
or chicken pancreas (20) conjugases failed to release any assay- 
able material. 

An experiment was performed in which the amounts of vitamin 
remaining and of p-aminobenzoylglutamic acid produced were 
both assayed. The results of this experiment using high con- 
centrations of folic acid and leucovorin are shown in Table III. 
With S. faecalis (in the presence of glucose) there was some disap- 
pearance of folic acid which was accompanied by the production 
of a small quantity of p-aminobenzoylglutamic acid. Of the 
leucovorin proffered to this species 12 per cent disappeared from 
the supernatant, and this was accompanied by analmost stoichio- 
metric yield of p-aminobenzoylglutamic acid. P. cerevisiae de- 
graded practically all of the folic acid with the production of an 
equivalent amount of p-aminobenzoylglutamic acid. Only a 
small amount of the leucovorin proffered to P. cerevisiae dis- 
appeared, and no amine was detected. The concentration of 
amine which would result from this small disappearance of 
leucovorin would be below the resolution of the Bratton-Marshall 
test (see above). 

Factors Influencing Assimilation of Folic Acid by Cells of S. 
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Fig. 1. The influence of pH on the uptake of folic acid by Strep- 
lococcus faecalis cells. Sgrensen’s phosphate buffer (0.1 m) was 
employed in the usual folic acid uptake system (6 mg. dry weight 
tells per system) as described in “Methods.” The intracellular 
folie acid (FA) released upon heating was assayed. 


5.5 6.0 








leucovorin, but the recovery of p-aminobenzoylglutamic acid 
and folic acid from the filter paper strips was somewhat less than 
® per cent and variable. 
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faecalis—In addition to the requirement for glucose, presumably 
as an energy source, it was found that the uptake of folic acid 
proceeded best at a pH of 6.4, displaying a pH optimum curve 
similar to that of an enzymatic reaction (Fig. 1). It was also 
observed that the intracellular accumulation of folic acid (with 
glucose) was temperature dependent. At 37°, 19 mug. of folic 
acid per ml. were taken up; at 4°, only 2.2 mug. per ml. were 
assimilated. 

Several experiments were done to determine the influence of 
cell numbers on the uptake of folic acid. These results are given 
in Table IV. The quantity of folic acid taken up was a function 
of the number of cells present, and reached a limit within 5 to 
10 minutes of incubation. 

Uptake of Pyrimethamine and Aminopterin by Cells of S. 
faecalis—The influence of glucose and incubation temperature 
on the uptake of C-labeled antifolic acid drugs is shown in 
Table V. Aminopterin was accumulated much better in the 


TABLE IV 
Uptake of folic acid by Streptococcus faecalis cells as 
function of time and cell number 





Folic acid remaining in reaction system supernatant® 
Duration of reaction —— - —-— 





6 mg.° 5 mg.” 4 mg.? 
minutes myg./ml. 
0 50 | 50 | 50 
5-10 5 29 } 38 
15-20 5 29 | 38 
25-30 | 5 | 30 | 33 








@ Folic acid uptake reaction system as described in ‘‘Methods.”’ 
» Milligrams dry weight of cells per system. 


TABLE V 
Uptake of pyrimethamine-2-C'4 and aminopterin-2-C'4 
by Streptococcus faecalis cells: effects of 


temperature and glucose 


C"* released from cells 


Temperature | —————————_ 


Uptake system® — 
No glucose | Plus glucose 


c.p.m./system 


10 wg. pyrimeth/ml. 37° 51.6% | 0.7% 

10 wg. pyrimeth/ml. 4° 53.3> | 6.3° 
| | 

1 wg. aminopterin/ml. 37° | 655 | §23 

1 wg. aminopterin/ml. - | 24 206 

10 wg. aminopterin/ml. 37° 898 | 5584 

10 wg. aminopterin/ml. 4° | 609 1198 








¢ The uptake systems consisted of washed bacterial cells (8.5 
to 10 mg. dry weight), C'4-labeled pyrimethamine or aminopterin, 
phosphate buffer (pH 7.2), and (as indicated) glucose (0.2 per 
cent), in a total volume of 3.0 ml. The systems were incubated 
aerobically for 30 minutes at either 37° or 4°. 


Crushed ice was 
added to all systems to stop the reaction. 


Then the cells were 
washed 3 times with 1.0 per cent sodium chloride solution and re- 
suspended in 1 ml. of water. This was followed by heating at 
120° for 10 minutes. The cells were removed by centrifugation 
and the entire supernatant was dried on a planchet and counted 
at infinite thinness in a gas flow counter. 

> Average of values obtained from three duplicate systems. 
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Moreover, lowering the incubation tem- 
perature inhibited its uptake. In contrast, the accumulation 
of pyrimethamine was inhibited greatly by glucose. Incubation 
at 4° instead of 37° had no influence on the uptake of pyri- 
methamine in the absence of glucose, and possibly increased its 
uptake in its presence. 

To further investigate the effect of glucose on pyrimethamine 
assimilation, washed cells of S. faecalis were incubated first in 
the presence of 10 wg. of pyrimethamine per ml. in the absence 
of glucose, washed twice with buffer, divided equally between 
two reaction systems—one with glucose and one without glucose 
—and again incubated. The cells then were washed twice with 
1.0 per cent sodium chloride solution, resuspended in water, 
heated at 120° for 10 minutes, and centrifuged. The super- 
natant fluid was decanted and the released radioactivity was 
counted. 

The cells which had been incubated in the absence of glucose 
released 23 to 30 ¢.p.m. above background, whereas those in 
which glucose was present during the second incubation had 
retained only 1 to 3 counts above background. Thus, glucose 
caused the cells to lose their stored pyrimethamine. 

It was of interest of determine whether folic acid, leucovorin. 
and aminopterin would be taken up independently of one another 
or whether mutual interference would be exhibited. Difficulties 
were encountered when the effect of amethopterin on the uptake 
of folic acid was investigated, for it was found that the quantity 
of drug stored by the cells was sufficient to interfere subsequently 
with the microbiological assay of the intracellular folic acid. 
Therefore, the effects of folic acid and leucovorin on the uptake 
of aminopterin-2-C“ were determined instead. These results 
are given in Table VI. Folic acid and leucovorin both were 
observed to interfere very effectively with the uptake of amin- 
opterin; however, the effectiveness of folic acid in displacing 
the antimetabolite was at least 10-fold greater than that of 
leucovorin. 

As would be anticipated from the observed differences in the 
uptake of pyrimethamine and folic acid, there is no mutual 
interference between folic acid and the drug for their uptake by 
S. faecalis cells (1). 


presence of glucose. 


TaBLe VI 
Effects of folic acid and leucovorin on uptake of aminopterin-2-C'™ 
by cells of Streptococcus faecalis 





Uptake reaction system* 





Folic acid Leucovorin 





Concentration ¢.p.m./system Concentration c.p.m./system 





pg./ml, pg./ml. 
0 l 1130 0 1486 
1 495 2 | 1231 
5 226 10 | 815 
10 181 20 | 587 
20 137 40 398 








2 The uptake systems consisted of washed, N-depleted bacterial 
cells (8.5 mg. dry weight), aminopterin-2-C" (5 ug. per ml.), glu- 
cose (0.5 per cent), and phosphate buffer (0.05 mM, pH 6.4) in a total 
volume of 3.0 ml. The systems were incubated aerobically for 30 
minutes at 37°. Then they were treated in a manner similar to 
that used for the analogous systems described in Table V. 
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DISCUSSION 


It seems evident that the uptake of folic acid by S. faecalis ig 
an assimilatory process and not merely an adsorption of the 
vitamin to the cell surface, since the folic acid which disappearg 
from the reaction system is recovered quantitatively from the 
cells despite several washes with 1.0 per cent sodium chloride solu- 
tion. The requirements for an energy source, an optimum pH, 
and an optimum incubation temperature are consistent with the 
existence of a system for the active transport of folic acid, citro- 
vorum factor, and aminopterin. Lichstein and Ferguson (5) 
are of the opinion that active transport is also involved in the 
uptake of biotin by L. arabinosus. Furthermore, since folic acid 
and leucovorin interfere with the uptake of aminopterin (Table 
VI), it is tempting to suggest that the same transport system 
may be involved in the uptake of folic acid, citrovorum factor, 
and aminopterin. 

On the other hand, pyrimethamine possesses the uptake char- 
acteristics of a substance which is assimilated by passive diffusion, 
In contrast to its effect on aminopterin retention, glucose di- 
minished the amount of pyrimethamine retained by the cells 
(Table V), possibly by causing its release (see above, p. 2383). 
Moreover, a decrease in incubation temperature did not in- 
fluence the assimilation of pyrimethamine (Table V). The 
effects of temperature, pH, and glucose on the accumulation of 
folic acid and aminopterin as opposed to their effects on the 
uptake of pyrimethamine by S. faecalis correspond with the 
reported influence of these factors on the assimilation of glutamic 
acid and lysine by this species (21). From the effects observed, 
Gale (21) postulated that glutamic acid was taken up by means 
of active transport, while lysine was not. 

When leucovorin was available in limited amounts, in the 
presence of glucose, both S. faecalis and P. cerevisiae removed it 
quantitatively from the medium (Table 1), but in the degrada- 
tion experiments (Table III) the ability of these organisms to 
degrade the vitamin was restricted to about 10 per cent of the 
1000-fold greater concentration then available. Similarly, the 
ability of S. faecalis to assimilate and store folic acid appears to 
have definite limits; even in the presence of a concentration of 
the vitamin greater than the physiological range, the amount 
assimilated was dependent on the number of cells (Table IV). 
However, with P. cerevisiae there appears to be a threshold for 
the utilization of folic acid since the microorganism had no effect 
on folic acid at 50 mug. per ml. (Table I) but did degrade an 
appreciable quantity of the vitamin when 10 yg. per ml. were 
supplied (Tables II and II]). This ability of P. cerevisiae can be 
correlated with its capacity to utilize folie acid for growth when 
high concentrations are supplied (22), and suggests a possibl 
source of error when this bacterium is used for the assay o 
citrovorum factor when folic acid also is present. 

The formation of diazotizable amine from folic acid and 
leucovorin may actually reflect the formation of tetrahydrofoli 
acid, which has been shown (7, 8) to cleave spontaneously t 
p-aminobenzoylglutamic acid plus pteridine(s). L. casei de 
grades both folic acid and leucovorin, probably by conversion t 
a common derivative, possibly tetrahydrofolic acid. On the 
other hand, S. faecalis does not degrade folic acid; thus no con- 
mon derivative is formed. These differences find parallels 1 


inhibition studies with folic acid antagonists where, in L. case 
folic acid and leucovorin are of equal potency in counteracting 
the inhibitions, while in S. faecalis, leucovorin is many times the 
more effective (23). 
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Differences in uptake mechanisms in different cells of both 
metabolites and antimetabolites may determine the selective 
toxicities of the drugs. Thus, both aminopterin and _ pyri- 
methamine appear to inhibit the synthesis of citrovorum factor 
in a variety of cells (23-25). However, aminopterin, in contrast 
to pyrimethamine, is inactive as an antimalarial presumably 
because the plasmodium, like E. coli (Table I, (26)), lacks the 
mechanism for the transport of aminopterin, folic acid, and 
leucovorin (27). Furthermore, the limited toxicity of pyri- 
methamine to the host can be attributed to the ability of the 
higher organism to incorporate the product of the blocked reac- 
tion, citrovorum factor; this ability apparently is lacking in the 
parasite (27). 


SUMMARY 


A survey has been made of the uptake and degradation of folic 
acid and leucovorin by various bacterial species. 
essential for these functions in all cases. 


Glucose is 
By species, the results 
were as follows: Streptococcus faecalis takes up and releases folic 


acid quantitatively. It causes the disappearance of low con- 
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centrations of leucovorin, presumably due to its degradation. 
Lactobacillus casei causes both folic acid and leucovorin to disap- 
pear. This is accompanied by the production of diazotizable 
amine. Pediococcus cerevisiae does not act upon low concentra- 
tions of folic acid; however, it produces amine in high concentra- 
tions of folic acid. 


It causes low concentrations of leucovorin to 
disappear. 


Escherichia coli does not act upon either folic acid or 
leucovorin. 

The uptake of folic acid by Streptococcus faecalis cells is de- 
pendent upon cell concentration, pH, and temperature. Glucose 
stimulates and folic acid and leucovorin inhibit the uptake of 
aminopterin by Streptococcus faecalis cells; glucose diminishes the 
retention of pyrimethamine by these cells. The relationship of 
these observations to cellular transport mechanisms and selective 
toxicity is discussed. 
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Creatine is synthesized by the rat from arginine, glycine and 
methionine by the following enzyme-catalyzed reactions: 


» 


L-Arginine + glycine — guanidinoacetate + tL-ornithine (1) 


Guanidinoacetate + S-adenosylmethionine — 
creatine + S-adenosylhomocysteine + H* (2) 


Reaction 1 is catalyzed by the enzyme arginine-glycine trans- 
amidinase (1), and Reaction 2 by guanidinoacetic acid methyl- 
pherase (2). Until recently, the only site of the enzyme trans- 
amidinase in mammals was thought to be the mammalian kidney 
(1, 3). In brief footnotes, Horner et al. (4) mentioned pre- 
liminary experiments which indicated that an enzyme which 
catalyzes the reversal of Reaction 1 is present in rat liver, and 
Walker (5) mentioned the detection by means of a canavanine- 
ornithine assay system of weak transamidinase activity in mam- 
malian thymus and testes. The first data which show that a 
major extrarenal source of the enzyme exists in mammals were 
presented quite recently by Walker (6). This investigator 
detected, in vitro, transamidinase activity in the pancreas of the 
dog. Interestingly enough, the specific activity of the pan- 
creatic enzyme, on a wet weight basis, was approximately 5 
times higher than that of dog kidney. 

In the present report, evidence is presented that creatine can 
be synthesized by rats that have been bilaterally nephrectomized, 
thus the existence of an extrarenal site(s) of transamidination in 
this animal is indicated. Even more important, the results show 
that extrarenal transamidinase activity may be of considerable 
significance in the synthesis of creatine by the rat. 


EXPERIMENTAL 


Radioactive Compounds—Glycine-1-C"™ was purchased from the 
New England Nuclear Corporation, Boston, Massachusetts. 

Assay of Radioactivity—All samples were burned to CO2 which 
was then assayed as BaC™“O; with a gas flow Geiger-Miiller tube. 

Animal Experiments—Adult albino rats (Wistar) were used 
for allexperiments. The animals were fed a commercial (Purina) 
diet before and during the experiments. The animals were 
bilaterally nephrectomized under Nembutal anesthesia by the 
usual dorsal approach. Immediately after recovery from the 
anesthetic, 1 mg. of labeled glycine was injected subcutaneously. 
Food and water were given ad libitum. Except for the rats 
which died in Experiments 1 and 2, the remainder of the ani- 
mals were killed by a blow on the head 48 hours after the injec- 
tion of glycine. 

Isolation of Creatine from Muscle—Fifty to 70 grams of skeletal 
muscle were homogenized with 150 ml. of distilled water for 30 
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minutes, and the temperature was gradually elevated to 90° 
during this process. The homogenate was cooled and filtered 
through cheesecloth. An equal volume of ethanol was then 
added to the filtrate and the solution was chilled for several 
hours. The precipitated protein was removed and the clear 
filtrate was concentrated under reduced pressure to a volume of 
50 ml. This solution was placed in a cellulose bag and dialyzed 
against several 1-1. volumes of distilled water until essentially all 
of the creatine had dialyzed out, as judged by the diacety] re- 
action (7). The dialysate was passed over 10 gm. of Amberlite 
IR-120 (H*) (2-cm. diameter column) at the rate of 8 to 10 ml, 
per minute. The resin was washed with water, and the creatine 
eluted with 0.5 m NH,OH (8). The eluate was evaporated to 
dryness in a vacuum. The residue was dissolved in a minimal 
quantity of boiling water and filtered. An equal volume of 
ethanol was added and the solution was placed in the cold over- 
night. The creatine was recrystallized from water-ethanol. 

Creatinine Zinc Chloride—Creatine was converted to creatinine 
hydrochloride by refluxing with 1.0 n HCl for 3 hours. The 
zinc chloride salt was prepared according to the method of 
Benedict (9). It was recrystallized from boiling water by adding 
4 volumes of ethanol. 

Degradation of Creatinine Zinc Chloride—The compound was 
degraded by the procedure described by du Vigneaud et al. (10) 
to obtain the methyl carbon as monomethylamine chloro- 
platinate. 

Analysis of Compounds—Creatinine zine chloride was either 
analyzed for nitrogen and chloride content, or the purity was 
determined by colorimetric (Jaffé) analysis. Monomethylamine 
chloroplatinate was analyzed for platinum. All samples were 
found to be pure by analysis within +2 per cent of theory. 

Radiopurity—Recrystallization of creatine, creatinine picrate, 
or creatinine zine chloride in the presence of glycine-1-C" r- 
sulted in a reduction of contaminating activity to negligible 
quantities. The radiopurity of the isolated creatine was con 
firmed by noting the constancy of the molar specific activity 
when creatine was converted first to creatinine picrate, then to 
creatinine hydrochloride, and finally to creatinine zine chloride. 
To eliminate the possibility of contamination by traces of glycine 
containing polypeptides, the isolated creatine (in several experi 
ments) was heated in a sealed tube with 6 n HCl at 110° for 24 
hours. Creatinine was isolated as the picrate from the hydroly- 
sate and converted to the zine chloride salt. No loss of activity 
was detected. The possibility that the labeling of the creatin 
was due solely to the methylation of pre-existing guanidinoaceti 
acid by C'\methyl groups formed from glycine-C™ was elim 
nated by degradation of the isolated creatine (as creatinine 
Less than 10 per cent of label was found in the methyl] carbon. 
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RESULTS 


Glycine-1-C™ was injected into the nephrectomized, sham- 
operated, and control rats. After 48 hours, skeletal muscle 
creatine was isolated and assayed for C4. The results are given 


TaBLeE [ 


Radioactivity of creatine isolated from skeletal muscle 
of rats given glycine-1-C'* 





Experi- cific activity| Specific activity | 



































a | Weight | Sex —— alycine injected creatine a Bh yoo 
gn. | | nh | a | 108 
Nephrectomized rats 
” | — 
1 | 250 |M]| 37 | 1.99 | 1.36 6.8 
2 287 | M | 45 va im 6} O68 
3 254 |M| 48 1.99 | 2.16 | 11.0 
4 | 254 |M/ 48 | 1.99 2.59 | 13.2 
5 | 255 iM 48 | 3.75 4.19 11.4 
6 | 25 | F | 48 3.75 3.10 8.8 
7 | 269 | F | 48 3.75 | 2.77 | 8.0 
Sham-operated rats 
=. — | 
1 | 252 |M| 48 3.75 20.38 | 54.8 
2 | 267 |M| 48 3.75 17.12 | 48.8 
| 
Control rats 
1 | 250 |M| 48 1.99 | 11.65 58.5 
2 | 287 | M | 48 | 1.99 | 11.18 64.5 
| | | 








* Time from the injection of 1.0 mg. of glycine-1-C until the 
animal was killed. 

t Correction for variation in body weight. This is based on the 
assumptions that the total skeletal muscle is proportional to the 
body weight (B.W.) and that the creatine concentration of the 
muscle is constant. 

t Approximate time; died during the night. 
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in Table I. In all cases, the isolated creatine was radioactive. 
A comparison of the specific activities of the creatine from 
nephrectomized rats with that of the control rats indicates that 
roughly 15 to 22 per cent of the guanidinoacetic acid synthesized 
in these animals could arise from extrarenal synthesis. 


DISCUSSION 


The methylation of guanidinoacetic acid to form creatine 
occurs principally in liver tissue (11). The formation of guani- 
dinoacetic acid in the rat from arginine and glycine was believed 
to occur only in renal tissue. The results reported in this paper 
clearly demonstrate that guanidinoacetic acid can be synthesized 
in rat tissues other than renal tissue. Furthermore, the results 
indicate that the contribution of extrarenal transamidination to 
creatine synthesis can be considerable. The sham-operated 
animals showed a slightly decreased rate of synthesis which 
probably can be attributed to the trauma of the surgical pro- 
cedure. It is interesting to speculate that extrarenal trans- 
amidination might well be an important factor in maintaining 
the body creatine pool in the event of the loss of renal mass as a 
result of disease or injury. 


SUMMARY 


Glycine-1-C™ was administered to bilaterally nephrectomized 
adult albino rats. Significant quantities of the isotope were 
found in the isolated creatine of the skeletal muscle; thus the 
existence of an extrarenal site(s) of transamidination in the rat 
is indicated. Furthermore, the contribution of extrarenal 
transamidination to creatine synthesis was found to be con- 
siderable. 
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Studies of the metabolism of 3-acetylpyridine in the dog and 
rat (1-3) showed that this substance is metabolized to nicotinic 
acid and excreted as N'-methylnicotinamide, nicotinic acid, 
nicotinamide and the pyridone of N!-methylnicotinamide. No 
methyl-6-pyridylearbinol or free 3-acetylpyridine could be de- 
tected in the excretory products of these animals. From the 
quantitative point of view, at least 20 to 30 per cent of adminis- 
tered 3-acetylpyridine was detoxified to nicotinic acid. A larger 
percentage of oxidation is probable as one of the major excretory 
products of nicotinic acid, the 6-pyridone of N'-methylnicotin- 
amide, was not determined. 

Since the oxidation of 3-acetylpyridine to nicotinic acid could 
proceed in any one of several.ways, in this study an attempt was 
made to determine the rate and mechanism of this oxidation. 


EXPERIMENTAL 


Synthesis of Methyl-C'-pyridylketone (3-Acetylpyridine)—Ethy] 
acetate-2-C" was prepared from sodium acetate-2-C" by reaction 
with triethyl phosphate, according to the method of Ropp (4). 
The ethyl acetate was condensed with ethyl nicotinate in the 
presence of sodium hydride (5) yielding labeled ethy] nicotiny] 
acetate. This in turn was hydrolyzed with hydrochloric acid to 
yield methyl-C™-pyridyl ketone hydrochloride (6). The details 
of the procedure follow. 

Sodium acetate-2-C™, 5 mg., (3.2 me. per mmole) was mixed 
with 807 mg. (9.85 mmoles) of anhydrous sodium acetate, dis- 
solved in 95 per cent ethy! alcohol, and evaporated to dryness by 
agitation over a steam bath. The residue was dried for 3 to 4 
hours at 110° at 0.1 mm. pressure. Three cc. of distilled tri- 
ethyl phosphate and a wad of glass wool were added, and the 
mixture was refluxed for 1 hour at 200° in an oil bath. The reac- 
tion mixture was cooled to room temperature and then connected 
to a vacuum line through two traps; trap A cooled to —18°, and 
trap B cooled to —190° in liquid nitrogen. When the mixture 
was heated to 70° at a pressure of 0.01 mm., a small amount of 
triethyl phosphate distilled into trap A; ethyl acetate-2-C™ (850 
mg. or 9.65 mmoles) collected in trap B. 

To a 3-neck flask equipped with a reflux condenser, stirrer, and 
dropping funnel, 1.92 gm. of sodium hydride suspended in oil 
(40 mmoles) and 6.04 gm. (40 mmoles) of ethyl nicotinate were 
added. The ethyl! acetate-2-C" from trap B, together with 5 ce. 
of dibutyl ether used to rinse the trap, was transferred to the 
dropping funnel, and unlabeled ethyl acetate (10.35 mmoles) 
added to make up a total of 20 mmoles of ethyl acetate. The 
flask containing the sodium hydride and ethy] nicotinate mixture 
was now heated to 80° in an oil bath, and the ethyl] acetate-di- 


butyl ether mixture was added dropwise over a period of 50 
minutes. Heating and stirring were continued until gas evolu- 
tion stopped in about 3 to 4 hours, and then for an additional 
hour. About 15 ec. of dibutyl ether was added gradually during 
this period to keep the mixture fluid. The contents of the flask 
were cooled to 10°, and 10 ec. of ether added. Twenty gm. of 
ice were run in slowly to keep the temperature below 20°, and 
stirring continued until the solid was completely dissolved. The 
solution was then transferred to a separatory funnel, and the 
aqueous phase, containing the ethy] nicotinyl-acetate as its so- 
dium derivative, separated. This solution, together with wash- 
ings of the ether phase, was placed in a 200-cc. round bottom 
flask, and 25 ce. of 10 per cent hydrochloric acid added. The 
mixture was refluxed for 6 hours, evaporated to dryness on a 
steam bath, and the residue crystallized from ethy] alcohol. 

The yield of methyl-C'-pyridy] ketone hydrochloride was 2.05 
gm. (13.01 mmoles), or based upon the sodium acetate used, 83 
per cent. 

The melting point was 177.5 to 179.5° (reported m.p., 176- 
177.5°). 

C;H;NO-HCl 
Caleulated: C 53.34, H 5.08, N 8.89 
Found: C 53.3, H 5.1, N89 


The 3-acetylpyridine hydrochloride was oxidized according to 
the method of Evans and Huston (7), precipitated as barium 
sarbonate, and counted in a flow gas counter. The activity of 
the 3-acetylpyridine hydrochloride was 32,722 ¢.p.m. per mg, 
and by calculation the activity of the methyl carbon was 432,260 
¢.p.m. per mg. 

Rate of 3-Acetylpyridine Metabolism—Ten female albino rats, 
maintained on Rockland Rat Ration, received intraperitoneal in- 
jections of 20 mg. of 3-acetylpyridine hydrochloride in sodium 
chloride solution. Expired COs» was collected at 1-hour intervals 
in traps containing carbonate-free sodium hydroxide solution. 
Aliquots were removed, barium carbonate precipitated, and 
counted. Urine collections were made at 7 and 24 hours. 
Aliquots were removed for combustion by the persulfate method 
described by Calvin et al. (8). The resulting CO» was collected 
in sodium hydroxide solution, precipitated as barium carbonate, 
and counted. Feces were collected over 24-hour periods and 
oxidized according to the method of Evans and Huston (7). All 
samples were counted as BaCQ; in a windowless flow counter. 

Mechanism of 3-Acetylpyridine Oxidation—Two female albino 
rats, previously maintained on Rockland Rat Ration, were 
fasted for a 48-hour period. During this interval each rat re 
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ceived two intraperitoneal injections containing a total of 24 mg. 
of methyl-C-pyridyl ketone hydrochloride. Twenty-four hours 
after the second injection the animals were killed, their livers 
removed, ground, and treated with boiling ethanol. The residue 
was extracted three times with 6 per cent trichloroacetic acid, 
then once with a boiling 1:1 ethanol-ether mixture (9). The resi- 
due was dried in an oven at 80-100°. A 2-gm. aliquot of the 
dry residue was hydrolyzed with 20 cc. of 6 N hydrochloric acid 
at 100° for 20 hours. Excess hydrochloric acid was removed by 
repeated evaporation to dryness in a vacuum. The amino acid 
residue was dissolved in distilled water and decolorized with 
Norit. The volume of the filtrate was adjusted to 25 cc. and 
aliquots used for column chromatography. 

The chromatography of amino acids was carried out according 
to the method of Hirs et al. (10). Resins Dowex 1-X8 and 
Dowex 50-X4 were prepared as described by Hirs et al. (10, 11). 
A 10-ce. aliquot of the hydrolysate was transferred to a Dowex 
1-X8 column (diameter, 3.5 em.; length, 30 em.), and the amino 
acids eluted with 0.5 N acetic acid. The fraction between 96 to 
144 cc., containing serine, was collected, evaporated to dryness, 
dissolved in 1 N hydrochloric acid, and transferred to a Dowex 
50-X4 column (diameter, 3.5 em.; length, 140 em.). Amino 
acids were eluted with 1 n hydrochloric acid; serine appeared in 
the fraction between 2548 to 2600 cc. After checking the iden- 
tity and purity of serine by paper chromatography, this fraction 
was evaporated, and adjusted to 25 ce. volume. Aliquots were 
used for determination of the C™ activity of the serine carboxy] 
carbon, according to Arnstein and Neuberger (9), serine a-car- 
bon, according to Sakami (12), and serine 8-carbon by the method 
of Rees (13). 


RESULTS AND DISCUSSION 


Rate of 3-Acetylpyridine Metabolism—When labeled 3-acety]- 
pyridine hydrochloride was administered to rats by intraperi- 
toneal injection, about 30 per cent of the injected C-activity 
was recovered in the expired CO: during the first 24 hours. Of 
the C“O» activity, 14.1 per cent appeared in the first 7 hours of 
that period (Fig. 1 and Table I), indicating a rapid initial rate of 
oxidation. A considerable amount of the injected C™ activity 
was excreted in the urine (Table I); 14.4 per cent in the first 7 
hours and 43.7 per cent over the total 24 hours. Urinary C™ 
activity was not present as bicarbonate, formate, formaldehyde, 
or unaltered 3-acetylpyridine. The excretion product is an 
amphoteric compound, which was not. isolated. 
amounts of C™ activity were detected in feces. 

Mechanism of 3-Acetylpyridine Oxidation—There are at least 
three possible mechanisms by which 3-acetylpyridine could be 
oxidized to nicotinic acid. 


Negligible 


(a) The compound could be oxidized 
toa keto acid and CO, eliminated by simple decarboxylation. 
)) 3-Acetylpyridine could be oxidized to the keto aldehyde or 
keto alcohol, which upon cleavage would yield formaldehyde or 
iomate and 3-formylpyridine, a niacin precursor. The formate 
or formaldehyde could be partly oxidized to CO. and water. (c) 
The methyl group of 3-acetylpyridine could be eliminated by 
transmethylation. Mechanism c¢ is unlikely because methyl 
groups bonded to carbon atoms are not “labile.” Whether mech- 
anism 6 is an important pathway can be decided on the basis of 
the finding of Sakami (12, 14) that “active formate” can serve 
a a direct precursor of the 6-carbon of serine. Therefore if 
“rine isolated from the liver of rats actively metabolizing 3-ace- 
tylpyridine is oxidized by mechanism }, the C™ activity of the 
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serine 8-carbon should be much higher than that of the a- or 
‘arboxy! carbons, which are derived from glycine. On the other 
hand, if the oxidation proceeds exclusively according to mecha- 
nism 4, all 3 carbons should be equally active. 

When serine isolated from the liver protein of the 3-acetyl- 
pyridine hydrochloride-treated rats was degraded, the carbon 
atoms showed the following activities: 6-carbon, 258 c.p.m. per 
mg.; carboxyl carbon, 13 ¢.p.m. per mg.; a-carbon, 27 ¢.p.m. 
per mg. From these activities it is clear that the methyl group 
of 3-acetylpyridine is oxidized via formaldehyde or formate dur- 
ing the conversion of 3-acetylpyridine to nicotinic acid. These 
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Fig. 1. Rate of excretion of injected methyl-C'*-3-acetylpyr- 
idine in expired CO>. 


TABLE I 


Rate and route of methyl C'4-labeled 3-acetylpyridine 
metabolism in rat 








Total activity Injected activity 


excreted 
Excretion - : o> oe 
7 hours 24 hours 7 hours | 24 hours 
il | : 4 on. c.p " i‘ % % 
Expired CO:...... | 91,961 196 , 848 14.1 30.0 
are ee 94 , 200 285 ,990 14.4 | 43.7 
Feces... 0.37 








2390 


findings do not eliminate the possibility that mechanism a is a 
contributing factor in the oxidation of 3-acetylpyridine. 


SUMMARY 


The oxidation of 3-acetylpyridine to nicotinic acid was studied 
by injecting methyl C-labeled 3-acetylpyridine intraperitoneally 
in rats. It was found that 30 per cent of injected C" activity 
was eliminated as respiratory COz2 in the first 24 hours. An 
additional 44 per cent of the C™ was eliminated via the urine 
over the same period of time. Very small amounts of C™ ac- 


Metabolism of 3-Acetylpyridine 


Vol. 234, No. 9 


tivity were excreted in the feces. A study of the mechanism of 
3-acetylpyridine methyl] group oxidation showed that it proceeds 
via formate or formaldehyde during the conversion of 3-acetyl- 
pyridine to nicotinic acid. The evidence for this was strong 
labeling of the 8-carbon as compared with the a- and carboxy] 
carbons of serine isolated from liver protein. The possibility 
that some 3-acetylpyridine is oxidized via the keto acid with sub- 
sequent elimination of carbon dioxide is not ruled out by this 
study. A revised method of synthesis of 3-acetylpyridine is de. 
scribed (83 per cent yield). 
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Attempts to study the etiology of diseases associated with 
oxaluria or oxalate deposition or both, have been handicapped by 
the misconception that very little urinary oxalate is endogenous 
in origin. However, Gershoff et al. (1) have demonstrated 
oxalate nephrocalcinosis and oxaluria in vitamin Be-deficient 
cats. In vitamin Be-deficient rats consuming diets free from 
oxalate, renal calculi of calcium oxalate monohydrate have been 
observed (2). Such renal calculi and the obstructive sequelae 
they produce, closely resemble the conditions found in human 
cases of kidney disease accompanied by oxalate stones. The 
possibility that these findings relating oxalate production and 
vitamin Bs may be pertinent in human nutrition is indicated by 
the finding (3) that vitamin Bs supplements decreased oxalate 
excretion in human subjects receiving diets thought to be more 
than adequate in vitamin Bg. 

In the present paper, the effect of glycine, deoxypyridoxine, 
and isonicotinic acid hydrazide supplements on oxaluria in vita- 
min Be-deficient rats is reported. The effect of t-serine and 
glycine on deoxypyridoxine toxicity has also been studied. 


EXPERIMENTAL AND RESULTS 


Male weanling rats of the Charles River CD strain were used. 
The diets fed contained 15 or 40 per cent casein, 4 per cent salts 
IV (4), 4 per cent corn oil, 1 per cent cod liver oil, and 0.3 per 
cent choline. In a number of instances different levels of glycine 
or L-serine were added to the diets. Sucrose was used to bring 
each diet to 100 per cent. All diets were supplemented with 4 
mg. of thiamine, 8 mg. of riboflavin, 40 mg. of niacin, 20 mg. 
of Ca pantothenate, 1 mg. of folic acid, 1 mg. of menadione, 
0.2 mg. of biotin, and 0.1 mg. of vitamin Bis per kilogram of 
diet. When used, 4 mg. of pyridoxine HCl, 500 mg. of deoxy- 
pyridoxine, and 2 gm. of isonicotinic acid hydrazide were added 
per kilogram of diet. 

In the first experiment 12 groups of 9 rats were used. The 
diets fed contained 15 or 40 per cent casein with or without 3 
per cent added glycine. Some of the vitamin Be-deficient diets 


* Supported in part by grants-in-aid from the National Insti- 
tute of Arthritis and Metabolism (Grant No. A-1540 M and N), 
United States Public Health Service Service, National Institutes 
of Health, Bethesda, Maryland; and the Fund for Research and 
Teaching, Department of Nutrition, Harvard School of Public 
Health, Boston, Massachusetts. 

This work was presented in part at the 23rd Annual Meeting of 
the American Institute of Nutrition, April 16, 1959, at Atlantic 
City, New Jersey. 
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contained deoxypyridoxine. At the end of each week during the 
30-day experimental period, subgroups of 3 rats from each group 
were placed in metabolism cages and 48-hour urine collections 
made. The oxalic acid content of the urine was determined by 
the method of Powers and Levatin (5). The results of this 
experiment (Table I) clearly show that in vitamin Be-deficient 
rats there is a marked increase in urinary oxalate excretion. The 
addition of 3 per cent glycine to the 15 per cent casein diets and 
of deoxypyridoxine to both 15 per cent and 40 per cent casein 
diets, resulted in a further increase in oxalate excretion. Ox- 
aluria was most pronounced when 40 per cent casein diets con- 
taining both added glycine and deoxypyridoxine were fed. Al- 
though the addition of deoxypyridoxine inhibited growth, as 
expected when added to the basal diet, the further addition of 
glycine provided considerable protection against the growth- 
inhibiting and lethal effects of the deoxypyridoxine. Three per 
cent glycine had no significant effect on the growth of animals 
receiving vitamin Bes, but it caused some growth inhibition in 
deficient rats not receiving deoxypyridoxine. 

Isonicotinic acid hydrazide, commonly used in the treatment 
of tuberculosis, is known to increase vitamin Bs requirements 
(6). Its effect on oxalate production in rats fed 15 per cent 
casein diets without added glycine has been studied in groups of 
9 rats. At the end of the first and second experimental weeks, 
urines were collected (over a 48-hour period) for oxalate analysis. 
The mean results of this study shown in Table II, indicate that 
isonicotinic acid hydrazide is effective in increasing urinary 
oxalate excretion by rats particularly when they are vitamin Bg 
deficient. 

The protective effect of glycine on deoxypyridoxine toxicity 
and the fact that glycine is rapidly converted to serine in animal 
tissues, led to the third study in which the effect of L-serine and 
glycine in sparing vitamin B,-deficient rats from the toxic effects 
of deoxypyridoxine was studied. The results of this experi- 
ment, Table III, demonstrate again the protective effect of 
glycine and that L-serine is more effective than glycine when fed 
on an equal molecular basis. 


DISCUSSION 

The quantity of endogenous oxalate produced in these experi- 
ments must be related to the amount of oxalate precursors 
ingested and the degree of vitamin Bg deficiency produced. It 
appears from this study and that of Calhoun et al. (7) in vitamin 
B--deficient rats and the work of Archer et al. (8) and Scowen 
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TABLE I 


Effect of glycine and deoxrypyridoxine on oxaluria and weight 
changes in vitamin B,-deficient rats 


Oxalate Synthesis in Bz Deficiency 


Vol. 234, No. 9 


Taste III 
Effect of t-serine and glycine on growth inhibition of B¢-deficient 
rats fed deorypyridoxine* 























Average | Mg. urinary oxalic acid per 100 gm. 
Diet — body weight on days* 
ie change | 
per 28 |~— 
days |8+9| 15+ 16 | 22+ 23 |29+4 30 
gm. | 
15% Casein | 
eee 105 1.0/1.1 0.6 0.5 
+Bs + 3% glycine.... 102 | 1.3 | 1.3 0.8 0.7 
ME in his gaa nie 31 .2} 3-9 1.3 1.3 
—B, + deoxypyridoxine. 2.8 | 2.3 (8)| 2.3 6) 
—~B, + 3% glycine......| 15 |3.1| 3.2 |2.8 | 2.3 
—Be + 3% glycine + | 
deoxypryidoxine. .. 26 4.5 | 2.9 2.6 2.4 
40% Casein 
~ ie pirate 151 |0.8|0.7 | 0.5 | 0.5 
+B, + 3% glycine......| 166 | 1.1 | 1.0 0.9 0.5 
ee Rance 30 2.0 | 1.5 1.9 1.6 
—B, + deoxypyridoxine. | 4.2 | 3.1 (4)] 3.6 (8)| 
—Bs + 3% glycine... | 20 | 2.3| 1.5 1.7 1.7 
—Bs + 3% glycine + | 
deoxypyridoxine. . | |5.2| 5.2 6.2 | 








* Except for groups in which rats died, each value represents 
the mean of 3 collections from groups of 3 rats. Numbers in 
parentheses represent survivors. 


TABLE IT 


Effect of isonicotinic acid hydrazide on oxaluria in rats 


Mg. urinary oxalic acid per 100 


Treatment . 
Tents gm. body weight per 48 hours* 


+B, 0.7 + 0.2 
+B, + INHt 1.1 + 0.2 
—Beg.. 1.4+ 0.2 
—B, + INH.. 2.8 + 0.3 


* Each value represents the mean of six determinations plus 
standard error of the mean. 
t INH, isonicotinic acid hydrazide. 


et al. (9) in cases of primary hyperoxaluria, that a considerable 
amount of urinary oxalate may be of endogenous origin and 
derived in great part from glycine. Oxalate has been shown to 
be formed from glycine via glyoxylic acid (10, 11) and inhibition 
of the system described by Cammarata and Cohen (12), ie. 
glyoxylie acid plus glutamic acid © glycine plus a-ketoglutaric 
acid, could result in an accumulation of glyoxylic acid with 
increased oxalate formation. The slightly decreased oxalate 
excretion of some of the deficient groups as the first experiment 
progressed, may have been due to lessened consumption of the 
glycine-containing diets when the deficiency became intensified. 





Average gained 





Diett per 14 days 
- nina ea - me ‘ 
+B, shee ? 38 
—Bs a a 27 
—B, + deoxypyridoxine ; 0 
—B, + deoxypyridoxine + 0.5% glycine.... 4 
—B, + deoxypyridoxine + 1.0% glycine........... 13 
—B, + deoxypyridoxine + 1.5% glycine......... 27 
—B, + deoxypyridoxine + 0.7% L-serine.... 15 


* Five rats per group. 
+ Diets contained 15 per cent casein. 


Two vitamin Bs antagonists, deoxypyridoxine and isonicotinic 
acid hydrazide, have been used to accelerate the production of 
the deficiency state. The feeding of either of these compounds, 
particularly to animals not receiving dietary vitamin Be, was 
accompanied by an increase in oxaluria. This is presumably due 
to an acceleration in the rate of development or severity of the 
deficiency. Some practical significance may be attached to this 
action of isonicotinic acid hydrazide, since it is widely used in the 
treatment of tuberculosis. It has not yet been determined 
whether the administration of isonicotinic acid hydrazide to 
patients results in increased oxalate production. It 
probable that this would occur unless adequate pyridoxine 
supplementation was provided. 

Although serine and glycine are “nonessential”? amino acids, 
they are necessary for the synthesis of body proteins and a 
number of essential metabolites. 


seems 


The use of deoxypyridoxine 
in these studies apparently resulted in a deficiency of glycine 
and serine since dietary supplementation with these amino acids 
reversed the growth inhibition caused by the antivitamin. 
Deoxypyridoxine may inhibit the formation of serine and glycine 
or enhance their degradation. 

Excessive amounts of glycine are toxic (13) particularly when 
the diet is vitamin Bs deficient (14). Thus, it would appear 
that whether glycine supplementation accentuates or ameliorates 
vitamin Bs deficiency depends on the different degrees to which 
the vitamin B,-dependent systems are depressed. 


SUMMARY 


Urinary excretion of endogenous oxalate by rats is markedly 
This effect can be enhanced 
by dietary supplementation with glycine, deoxypyridoxine, or 
isonicotinic acid hydrazide. 


increased in vitamin Bg deficiency. 


Deoxypyridoxine toxicity can be overcome by serine or glycine 
supplementation suggesting that deoxypyridoxine interferes with 
the availability of these amino acids. 
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As part of a study on enzymic catalysis of group transfer, 
this laboratory has previously reported on the enzymic transfer 
of the glucurony] radical from a variety of donor substrates to 
a number of acceptor alcohols (1). The phenomenon was 
studied in detail and conditions for efficient group transfer were 
investigated. 

The present paper reports the use of a similar approach in 
studying the acid phosphatase-catalyzed transfer of the phos- 
phory! radical from suitable donor substrates to acceptor mole- 
cules. Conditions for efficient transfer and the nature of the 
phenomenon are described herein. The comparison of phos- 
phory] and glucurony] transfer provides points of similarity and of 
difference which are dealt with in the discussion. 


EXPERIMENTAL 


Analytical Approach—The donor substrate, usually phenyl 
phosphate plus a suitable acceptor molecule, was incubated with 
the purified enzyme for 30 minutes in most of the experiments. 
The reaction was stopped by deproteinization and the incubation 
mixture was analyzed for phenol and inorganic phosphate. The 
difference, in micromoles, between liberated phenol and phos- 
phate represents the extent of phosphoryl transfer. This amount 
divided by the number of micromoles of released phenol is de- 
fined as mole phosphoryl transfer. Multiplication of mole 
phosphoryl transfer by 100 gives the percentage mole transfer. 

Controls for these experiments were companion digests which 
lacked acceptor and digests with acceptor containing boiled 
enzyme. 

Substrates—These were of the highest purity obtainable from 
commercial sources. They were phenyl phosphate (disodium 
salt), Paul-Lewis Laboratories; p-nitrophenyl phosphate, (di- 
sodium salt) Sigma; 6-glycerophosphate (disodium salt), Heyden; 
and propanediol phosphate (dipotassium salt), Krishell Labora- 
tories. 

Buffers—In order to eliminate the possibility of misleading 
results owing to the presence of hydroxylated substances in the 
incubation mixture, citrate buffer was used only on rare oc- 
casions. The majority of the experiments were carried out, 
therefore, at pH 5.0 in .035 m acetate buffer solutions. 

Acceptors—These were monohydric, dihydric, cyclic and 
aromatic alcohols of the highest purity available from commercial 
sources (Merck and Company, Olin Matheson). For many 


* Aided in part by grants (Nos. C-3213 and CS-9082) from the 
National Cancer Institute, National Institutes of Health, Be- 
thesda, Maryland, and from the American Cancer Society (Nos. 
P-106 and P-107), New York, New York. 


experiments, the standard acceptor was 1,4-butanediol (tetra. 
methylene glycol No. 6541, Matheson, Coleman, and Bell, East 
Rutherford, New Jersey). 

Enzyme Preparation—A single preparation of highly purified 
prostatic acid phosphatase prepared by the process of Davidson 
and Fishman (2) was employed for all the experiments. An 
aliquot of the stock enzyme solution with a specific activity of 
2850 units (2) per mg. of protein (protein concentration, .01 per 
cent) was diluted 1:500 with albumin (14 mg. per 1.), for each 
daily run (test enzyme solution). 

Experimental Procedure—The composition of the enzyme 
digests, except for those described in tables and figures, is as 
follows. Intoclean test tubes containing 2.5 ml. of 0.10 m acetate 
buffer (pH 5.0) was pipetted 1 ml. of 0.022 m disodium pheny| 
phosphate solution and 3 ml. of distilled water. In digests in 
which transfer reactions were to be studied, water was replaced 
by an equal volume of acceptor solution. The reaction was 
started by the addition of 0.5 ml. of test enzyme solution, and 
the thoroughly mixed digests were incubated at 37.5° in a water 
bath for 30 minutes. Three ml. of 10 per cent trichloroaceti 
acid were then added to stop the reaction and suitable aliquots 
removed for the determination of phenol according to Fishman 
and Lerner (3) and of inorganic phosphate according to Chen 
et al. (4). The amount of alkyl phosphate produced was com- 
puted from the difference, in micromoles, between phenol and 
inorganic phosphate present after the reaction was stopped. In 
control digests containing no acceptors there was always equi 
molar liberation of phenol and of inorganic phosphate (5). 

Donor-Substrate Specificity—A study of four different sub 
strates (Table I) indicated that they all function as phosphory. 
donors with the mole phosphoryl] transfer varying from 58.5 t 
80 per cent. This observation suggests that aliphatic and ar 
matic monophosphates are equally efficient as phosphoryl] donor 
The experiments were carried out at the optimal pH of hydrolyss 
(5.0 for phenyl and p-nitrophenyl phosphates, and 5.5 for + 
glycerophosphate). For propanediol phosphate a pH of 5.5 wa 
employed. 

Acceptor Specificity—With phenyl phosphate as the substrate 
a number of alcohols and glycols were tested as acceptors. Th 
aliphatic alcohols served as good acceptors of the phosphors 
radical liberated from the donor substrate (Table II). In th 
case of primary alcohols, there appeared to be a trend towaré 
greater transfer with the increase in the number of carbon atom! 
Thus n-butanol was a better acceptor than n-propanol which, 
turn, gave greater transfer than ethanol. The concentratiot 
used for long chain alcohols were small because of inhibition‘ 
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TaBLeE I 
Donor substrate specificity 


The incubation digest (7.0 ml., final volume) contained 1 ml. of 
substrate (0.022 m for phenyl and p-nitrophenyl phosphates, 0.03 
m for propanediol phosphate, and 0.02 m for 6-glycerophos- 
phate), 2.5 ml. of 0.1 m acetate buffer (pH 5.0 for phenyl and p- 
nitrophenyl phosphate and pH 5.5 for propanediol and glycerol 
phosphates), 0.5 ml. of 1:500 dilution of stock enzyme solution 
in dilute albumin, 3.0 ml. of 1,4-butanediol solution (1.0 ml. 
of butanediol and 2.0 ml. of water) giving a final concentration of 
1620 pmoles of butanediol per ml. of the digest. Incubation 
time, 30 minutes. The reaction was stopped by the addition of 
3.0 ml. of 10 per cent trichloroacetic acid and suitable aliquots 
were analyzed for inorganic phosphate, phenol, p-nitrophenol, 
and glycerol according to methods described earlier (5). Pro- 
panediol was determined by the method used for glycerol in 
which 1,2-propanediol provided the reference curve. 














Phosphate ester of —_ Phosphate | Ester product [teense 
| pmoles/ml. pmoles/ml. | pmoles/ml. 
Phenol..........| 0.224 0.067 0.157 71.0 
p-Nitrophenol....| 0.261 0.108 0.153 58.5 
Glycerol.......... | 0.150 0.024 0.126 84.0 
Propanediol....... | 0.155 0.042 0.113 73.0 





minutes. 


lated in a yield of 35 per cent from a large scale experiment. 
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phosphatase activity caused by higher concentrations. The 
branched chain alcohols were less efficient as acceptors than the 
corresponding unbranched alcohols. With regard to the glycols, 
those with vicinal hydroxyl groups (ethylene and propylene 
glycols, 2,3-butanediol) served as acceptors with 41 to 54 per 
cent mole transfer. However, the glycols with hydroxyls sep- 
arated by one or more carbon atoms (1,3- and 1,4-butanediols, 
1,5-pentanediol, 1 ,6-hexanediol) stood out as more efficient ac- 
ceptors than those having vicinal hydroxyls. The butanediols 
(2,3-; 1,3-; 1,4-) characteristically showed an increase in trans- 
fer as the distance between hydroxyls increased (Table II). The 
two triols (glycerol and 1,2,6-hexanetriol) were good acceptors, 
the carbon-separated glycol being superior to glycerol. Much 
lower figures for transfer were observed with the two cyclic 
alcohols and with benzyl alcohol. 

Donor-Acceptor Relationships—Fig. 1 shows the relationship 
of phosphoryl transfer to acceptor concentrations over a wide 
range. A maximum was reached at 0.8 molar butanediol and 
in spite of a falling off in the rate of reaction, the per cent mole 
phosphory] transfer remained constant at high butanediol con- 
centration. The effect of reducing the relative amount of ac- 
ceptor to substrate concentration was also studied. 

In Table III are presented experiments in which the molar 
ratios of donor substrates (phenylphosphate and 8-glycerophos- 


TaBLE II 
Acceptor specificity 


The incubation digest (7.0 ml.) contained 1 ml. of 0.022 m phenyl phosphate; 2.5 ml. of 0.1 m acetate buffer, pH 5.0; 0.5 ml. of test 
enzyme solution; and 3.0 ml. of solutions of acceptors giving a final concentration as shown in the third column. 


Incubation time, 30 


Digests were inactivated by 3.0 ml. of 10 per cent trichloroacetic acid solution and were analyzed for phenol and inorganic 
phosphate. In the case of the standard acceptor, 1,4 butanediol, the expected transfer product, 1,4-butanediol phosphate, was iso- 


The hydrolysis of this phosphate ester by prostatic acid phosphatase 
liberated approximately equimolar amounts of 1,4-butanediol and inorganic phosphate. 





























Experiment No Acceptor Acceptor liberated | eared | yhos: ny ater 
aa ac (A) | liberated (B) , TA — B) "wonsier 
pumoles/ml. pmoles/ml. pmoles/ml. pmoles/ml. 
Aliphatic alcohols | 
1 Methanol 3530 0.270 0.170 0.1 35.0 
2 Ethanol 2450 0.152 | 0.111 0.05 26.6 
3 n-Propanol 1920 0.087 | 0.032 0.055 43.5 
4 n-Butanol 785 0.141 0.039 0.102 71.0 
5 Isopropanol 1870 0.186 0.170 0.016 8.6 
6 Isobutanol 770 0.152 0.079 0.078 51.5 
7 Tertiary butanol 765 0.308 0.288 0.02 6.0 
Glycols 
8 Ethylene glycol (1,2-ethanediol) 2570 0.315 0.145 0.17 54.0 
9 Propylene glycol (1,2-propanediol) 1960 0.208 0.108 0.10 48.0 
10 2,3-Butanediol 1660 0.208 | 0.124 0.084 40.5 
ll 1,3-Butanediol 1600 0.254 0.117 0.137 54.0 
12 1,4-Butanediol 1620 0.240 | 0.065 0.175 72.5 
13 1,5-Pentanediol 3200 0.211 | 0.040 0.17 80.0 
14 2,5-Hexanediol 3400 0.135 0.080 0.055 40.0 
15 1,2,6-Hexanetriol 3600 0.2422 | 0.060 0.182 76.0 
16 1,6-Hexanediol 605 0.266 0.063 0.204 77.0 
17 Glycerol 1960 0.288 0.131 0.16 54.5 
18 1,9-Nonanediol 17 0.198 0.124 0.074 37.4 
Cyclic alcohols 
19 Cyclopentanol 800 0.020 0.018 0.002 10.0 
20 Cyclohexanol 830 0.108 0.104 0.004 0.9 
Aromatic alcohols 
21 Benzyl alcohol 820 0.028 0.021 0.007 
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Fig. 1. The effect of butanediol concentration, pH, tartrate concentration, and temperature upon phosphoryl transfer. The 


acceptor was 1,4-butanediol in these experiments. 


For the pH range of 3.6 to 5.7, acetate buffer (0.035 m) was used. 
carried out in the presence of 3240 umoles of butanediol per ml. of the digest. 
Time of incubation, 30 minutes. 


butanediol, and temperature experiments. 


Substrate phenyl phosphate concentration was 3.2 uwmoles per ml. of digest. 
In the case of pH, tartrate, and temperature, experiments were 


Acetate buffer, 0.035 mM, at pH 5.0 was used for the 
The lower part of the figure shows the liberation of 


phenol and inorganic phosphate; the middle one, the caleulated amount of alkyl (butanediol) phosphate formed, and the upper 
one represents the amount of phosphoryl transfer expressed in mole per cent. 


TaBie III 
Donor-acceptor relationships 
The incubation digests were similar to those described for 
phenyl phosphate and 6-glycerophosphate in Table II except 
that a slightly higher concentration of 8-glycerophosphate was 
used. The acceptor used was 1,5-pentanediol. Time of incuba- 
tion, 30 minutes. 





























: . | oi New Per cent 
Donor | Acceptor | -ctatio.,| Phenol or | Iporeanic | phosphate {male phos 
tration tion donor fecented liberated | Prva | Roudiee 
NESE ene NRA: SGN SRA ARON 
a ed pmoles/ml. | | umoles/ml. | wmoles ml. | pmoles/ml. | 
ixperiment 1. Donor, phenyl phosphate 
| 
3.2 81 | 25.2 0.274 | 0.169 0.105 38.4 
3.2 | 40.5 | 12.6 0.243 | 0.185 | 0.058 | 23.8 
3.2 YB a 5.3 0.198 | 0.124 0.074 37.4 
3.2 10.12 3.1 0.228 | 0.218 0.010 4.4 
| 
Experiment 2. Donor, 8-glycerophosphate 
5.0 | 81 16.2 0.174 | 0.097 | 0.077 | 44.0 
5.0 40.5 8.1 0.173 0.110 0.063 | 36.4 
5.0 10.12 2.2 0.177 0.160 0.017 | 9.6 
5.0 5.06 1.01 | 0.177 | 0.163 | 0.014 | 7.9 





* The acceptor was 1,9-nonanediol. 


phate) to acceptor, 1,5-pentanediol, were very small. A sig- 
nificant amount of phosphoryl transfer occurred even at these 


low concentrations of acceptor. It is clear that detectable 
phosphoryl transfer takes place at concentrations of acceptors 
close to the donor substrate concentrations. 

Influence of pH—Fig. 1 illustrates the phosphoryl transfer from 
phenyl phosphate to 1,4-butanediol as a function of pH. A 
maximal range appears from pH 4.4 to 6.0. The maximal sub- 
strate transformation occurs between pH 4.4 and 4.8. _ It is note- 
worthy that at pH 3.6 phosphoryl] transfer on a mole per cent 
basis is low. A greater level is reached at pH 4.0, and this re- 
mains constant at higher pH values even though the reaction 
rate has diminished considerably. 

Effect of Inhibitor, 1-Tartrate—This competitive inhibitor of 
prostatic acid phosphatase in the hydrolysis of phenyl phosphate 
was also an inhibitor of the transfer reaction, but it did not 
affect the value for the per cent mole transfer (Fig. 1). 

Temperature—Phosphory] transfer as a function of tempera- 
ture (0-60°) exhibited a maximum at 37° which is evident from 
Fig. 1. 

The effects of substrate concentration, of enzyme concentra- 
tion and of time are presented in Fig. 2. 


DISCUSSION 


There is no doubt that prostatic acid phosphatase catalyzes 
the transfer of a phosphory! radical from a donor substrate to a 
suitable acceptor molecule. Earlier workers (6-8) have pro- 
vided the first cases of phosphoryl transfer and the accepted 
theoretical treatment. Our views have appeared (9). 


All four of the substrates tested were donors of the phosphory! 
radical in the transfer reaction catalyzed by prostatic acid 
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Fic. 2. The effect of substrate concentration, time, and enzyme 
oncentration upon phosphoryl transfer. The incubation digests 
7.0 ml.) contained 3240 umoles of 1,4-butanediol per ml. The ex- 
1¢ | periments were carried out in 0.035 M acetate buffer, pH 5.0. For 
t, Jenzyme concentration experiment 0.5 ml. of 125, 250, 500, 1000, 
re | and 2000 times dilution of the stock enzyme solution (specific ac- 
re | tivity 2850 units per mg. of protein) in dilute albumin was used 
of | I4ug. per ml. for dilutions of 125, 250, and 500; 28 ug. per ml. for 
er | the 1000 dilution; and 56 yg. per ml. for the 2000 dilution). The 
lilution of 125 corresponds to 10 on the abscissa. Substrate, 
phenyl phosphate at 3.2 umoles per ml. concentration was used for 
time and enzyme experiments. Incubation period was 30 minutes. 


le The lower half shows the liberation of phenol and inorganic phos- 

TS | phate, and the upper half represents the calculated amount of 
ilkyl (butanediol) phosphate formed. 

m 


A | phosphatase. The extent of transfer (58 to 80 per cent) was sub- 
b- | stantially higher than has been observed by others. This can be 
é- | attributed to our use of acid phosphatase of high purity, to the 
nt | discovery of more efficient acceptors, and the establishment of 
e- | optimal experimental conditions. 

nm} The study of acceptor specificity indicates a wide range of 
suitable alcohols with the primary alcohols and glycols being 
of | most efficient. In contrast to glucuronyl transfer catalyzed by 
te | dglucuronidase preparations in which glycols with vicinal hy- 
ot | droxyl groups were the best acceptors (1), it was observed here 
that glycols separated by one or more carbon atoms were the most 
a | efficient acceptors of the phosphoryl radical. 

m | With regard to the effect of acceptor alcohol concentration on 
transfer, it was noticed that a maximum was reached at 0.8 m 
a | butanediol. At this level, the acceptor molecules are out- 
numbered 55/0.8 = 70 times by water molecules. Nevertheless, 
the transfer reaction was being preferentially catalyzed. The 
hydrogen ion concentration has interesting effects on transfer and 
es | hydrolysis. Thus, the optimal pH for hydrolysis of phenyl phos- 
a | phate in acetate buffer was found to be 4.9 (5), and for transfer, 
46. Moreover the shapes of the two curves differ, the one for the 
ed | transfer reaction showing a much more pronounced peak. It is 
to be noted also that mole per cent phosphoryl transfer was a 
yl | direct function of pH only below 4.0, and above this value was 
id | Constant in spite of the progressive reduction in reaction rate. 
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In the case of the presence of a competitive inhibitor (L- 
tartrate), a constant percentage of phosphoryl liberated from 
the substrate continued to be transferred, although the rate of 
reaction had been markedly inhibited. 

The effects of temperature on the transfer reaction were 
interesting. Thus, the temperature maximum for hydrolysis of 
phenyl phosphate was 55° (5), and that for transfer was found 
here to be 37°. The maximum for the mole per cent phosphoryl 
transfer was even lower, 30 to 35°. Denaturation of the enzyme 
by acceptor may explain these findings, since when enzyme was 
incubated with 1,4-butanediol at 55° for 15 minutes and then 
substrate was added, there was no liberation of either phenol or 
phosphate after an additional 30 minutes of incubation at 37°. 

A comparison of the systems studied in this laboratory which 
catalyze glucuronyl and phosphoryl transfer yields information 
regarding group transfer mechanisms of this general type. Thus, 
it would appear that under optimal conditions the extent of 
transfer can reach 90 per cent of theoretical. Moreover, it is 
not at all essential that the acceptor substance be present in 
overwhelming excess, since for both glucuronyl and phosphoryl 
transfer the present nonisotopic analytical methods show evi- 
dence of transfer with acceptor to donor substrate ratios of a 
small order of magnitude. It would seem reasonable to expect 
that similar findings may be obtained for other transfer reactions 
of this type, if a systematic search for optimal conditions is made. 

It seems highly probable that the two transfer reactions studied 
are catalyzed by the individual enzymes, §-glucuronidase and 
acid phosphatase. In the case of both these enzymes, the best 
preparations were close to purity; 8-glucuronidase 150,000 units 
per mg. of protein' and acid phosphatase, 3000 units per mg. of 
protein (2). Moreover, the extent of transfer is independent, 
for the most part, of source and purity of the enzyme prepara- 
tion but is correlated with the hydrolytic activity in every case 


(1). 


SUMMARY 


The catalysis by prostatic acid phosphatase of the transfer of 
the phosphory] radical from a donor monophosphorie acid ester 
to an acceptor alcohol has been investigated. The nature of the 
reaction was established for this purpose upon the isolation and 
identification of a product, 1 ,4-butanediol monophosphate. 

The substrates, phenyl, p-nitrophenyl, propanediol, and #- 
glycerol phosphates served equally well as phosphoryl donors. 

Seventeen alcohols tested functioned as phosphoryl acceptors. 
The glycols which were separated by one or more carbons were 
most efficient (up to 90 per cent), whereas cyclic alcohols were 
the least. 

It was observed that the maximal acceptor (1 ,4-butanediol) 
concentration was 0.8 mM and that transfer could be detected at 
an acceptor concentration of 0.005 m which is of the same order 
of magnitude as the substrate concentration. 

In addition, the effects of temperature, time, and of enzyme 
concentration on the catalysis of phosphoryl transfer by acid 
phosphatase were studied. 

The evidence from the study of both prostatic acid phosphatase 
and liver 6-glucuronidase suggests that group transfer is a func- 
tion of each of these enzymes. 


1W. H. Fishman, and P. Fialkow, unpublished results. 
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The stereospecificity and properties of the exchange reaction 
between the protons of the medium and reduced diphospho- 
pyridine nucleotide as catalyzed by mitochondria and by reduced 
jiphosphopyridine nucleotide-cytochrome c reductase and other 
purified enzymes have been briefly described (1, 2). In the 
meantime Weber et al. (3) have shown that the flavoprotein 
diaphorase catalyzes an exchange reaction with the medium. 
In this latter case the exchange appears not to be highly stereo- 
specific. 

The work reported here was prompted by the observation, 
made in another connection, that rat liver mitochondria catalyze 
arapid incorporation of deuterium from D,O into DPNH under 
anaerobic conditions. This paper presents evidence (a) that 
the exchange reaction occurs with mitochondria, microsomes, 
and several purified flavoproteins, (6) that incorporation occurs 
into position 4 of the nicotinamide ring, and (c) that it may be 
stereospecific. Some of the properties of the exchange reaction 
catalyzed by the DPNH-cytochrome c reductase of heart muscle 
are also described. 


EXPERIMENTAL 


Materials and Methods 


DPN, DPNH, and p-chloromercuribenzoate were products of 
the Sigma Chemical Company. D,O (99.5 per cent) was pur- 
chased from the Stuart Oxygen Company and TOH from the 
New England Nuclear Corporation under license from the Atomic 
Energy Commission. Yeast alcohol dehydrogenase and xan- 
thine oxidase were purchased from Worthington Biochemicals. 

Amytal was a product of Eli Lilly and Company and Atabrine 
of the Winthrop Chemical Company. 2,5-Diphenyloxazole and 
p-bis[2-(5-phenyloxazolyl)] benzene were purchased from the 
Pilot Chemical Corporation. 

DPNH labeled in the 6-position! for oxidation experiments 
were prepared by reducing unlabeled DPN in D.O with sodium 
hydrosulfite. The nonspecifically labeled DPNH was then 
purified as the Ba salt and reoxidized with acetaldehyde and 
alcohol dehydrogenase to yield 4-deutero DPN. This material 


‘ Vennesland and Westheimer and their co-workers have demon- 
strated the stereospecificity of DPN-linked dehydrogenases (4, 5) 
and have provided evidence that some dehydrogenases are specific 
for one side of the pyridine ring and others for the other side (6, 7). 
The side of the nicotinamide ring reduced by alcohol dehydro- 
genase and lactic dehydrogenase has been designated a, while 
the side attacked by, for example, the glyceraldehyde 3-phosphate 
and glucose dehydrogenases is designated 8 (7). 


was reduced with alcohol dehydrogenase and unlabeled ethanol 
to yield 8-deutero DPNH which was again purified as the Ba 
salt. 

Rat liver mitochondria were prepared and washed in isotonic 
sucrose (8). Residual mitochondria were removed from the 
supernatant solution from which nuclei and mitochondria had 
been sedimented by centrifugation at 20,000 x g for 10 minutes. 
Microsomes were then sedimented by centrifugation at 120,000 x 
g for 30 minutes. The pellet was suspended in isotonic sucrose 
and recentrifuged at 120,000 x g for 1 hour. 

DPNH-cytochrome ¢ reductase from pig heart was prepared 
by the method of Mahler et al. (9).2_ The enzyme was brought 
to an activity of 120 units per mg. of protein or higher and stored 
frozen in small portions. Under these conditions the enzyme 
slowly lost oxidative activity. Where the amount of enzyme 
used is indicated, the value refers to measurements of the oxida- 
tive activity with cytochrome c as acceptor made at the time of 
the exchange experiment. 

The detailed protocols of the experiments are given in the 
legends of the tables. In the experiments described in Tables I, 
II, and III, the reaction was stopped by heating the reaction 
mixture in a boiling H,O bath for 1.5 minutes. For the remain- 
ing experiments, the reaction was stopped by addition of Ba(Ac), 
and cold ethanol. 

DPNH was isolated as the alcohol insoluble Ba salt (10). 
Since the isotope was present in high concentration in the solvent, 
some care was necessary to wash out all exchangeable isotope 
from the reduced pyridine nucleotide samples. This was accom- 
plished, and the purity of the isolated Ba DPNH raised to 90 
per cent or greater, by three successive precipitations with 
alcohol, the samples being dried thoroughly between each precipi- 
tation. 

Samples were oxidized enzymatically with large excesses of 
dehydrogenases and the nicotinamide cleaved from the oxidized 
nucleotide without isolation by means of neurospora DPNase. 
The nicotinamide was diluted if necessary, purified, and isolated 
by the general procedure of Pullman et al. (11). 

For deuterium analyses samples were burned and the resulting 
water reduced to Hz gas by the San Pietro procedure (12). 
Deuterium analyses were performed on a Nier mass spectrometer. 

Tritium analyses reported in this paper were obtained with a 
Packard TriCarb liquid scintillation counter. Nicotinamide 
samples (2 to 3 mg.) were dissolved in 1 ml. ethanol, to which 

2 The author wishes to thank Dr. Carl Frieden for the gift of 


some DPNH-cytochrome c reductase used in the early stages of 
this work. 


2399 








2400 


was added 5 ml. of toluene containing 4 gm. per liter of dipheny]- 
oxazole and 0.1 gm. per liter of p-bis[2-(5-phenyloxazoly])] 
benzene. Water samples (0.01 ml. of an appropriate dilution) 
were dissolved in 1 ml. of ethanol, and 5 ml. of the above scintil- 
lator added for counting. Samples were counted for a sufficient 
length of time to reduce the counting error below 5 per cent. 
Values are corrected for dilution except where indicated. 


RESULTS 

As the results in Table I show, both rat liver mitochondria 
and microsomes catalyzed the exchange of deuterium from the 
medium into DPNH, although on a weight basis mitochondria 
were considerably more active than microsomes. The DPN 
resulting from oxidation of these DPNH samples with alcohol 
dehydrogenase retained essentially all of the deuterium originally 
present. Several experiments were made to rule out the possi- 
bility that incorporation of deuterium into positions other than 
4 was occurring. In one experiment, a sample of DPNH was 
labeled with deuterium by exchanging it with D.O in the presence 
of mitochondria and was then oxidized to DPN with alcohol 
dehydrogenase. The DPN was cleaved to nicotinamide which 
was methylated and oxidized to yield the 2 and 6 pyridones 
(11, 13). The deuterium analyses of these samples given in 
Table II, A show that the pyridones retained the deuterium 
present in the nicotinamide so that positions 2 and 6 are excluded. 

Proof that the deuterium is incorporated into position 4 is 
afforded by the observations recorded in Table II, B. DPNH, 
enzymatically labeled as before, was oxidized with an a-specific 
dehydrogenase (alcohol dehydrogenase), and then reduced by a 


TABLE I 
Stereospecificity of exchange catalyzed by mitochondria 
and microsomes 


Compound Preparation Analyzed as D/mole 
| | | mole 
I | DPNH | Exchange in washed! Ba DPNH 0.133 
| mitochondria* | 
II | DPN Oxidation of I with | Nicotinamide | 0.145 
alcohol dehydro- 
| | genase 
III | DPNH | Exchange in micro- | Ba DPNH | 0.062 
somest 
IV | DPN | Oxidation of III | Nicotinamide | 0.058 


| with alcohol de- 
hydrogenase 


* Reaction mixture contained  tris(hydroxymethyl)amino- 
methane buffer, pH 7.5, 75 umoles; DPNH, 21 wmoles; KCN, 1.5 
umoles; and mitochondria equivalent to 1 gm. of fresh liver in 3.0 
ml. of D:O. Incubation was for 30 minutes in a N2 atmosphere 
at room temperature. First Ba DPNH precipitate was analyzed 
and diluted with DPNH (dilution factor = 1.73). Part of the 
diluted DPNH was oxidized with alcohol dehydrogenase, and 
cleaved with DPNase. The nicotinamide was passed over a 
column of Dowex 1-formate, diluted, and crystallized. 

t Reaction mixture contained tris(hydroxymethyl)amino- 
methane buffer, pH 7.5, 75 umoles; DPNH, 21 wmoles; and micro- 
somes equivalent to 2 gm. wet weight of liver in 3.0 ml. of D.O. 
Incubation was for 1 hour under N2 at room temperature. First 
Ba DPNH precipitate was analyzed and diluted with an equal 
amount of DPNH. A part of the DPNH was oxidized, converted 
to nicotinamide, and analyzed as above. 
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TABLE II 


Position of deuterium in pyridine ring 
Compound Preparation D/mole 
mole 
I. Nicotinamide* Exchange in mitochondria, | 0.0145 
| oxidation by alcohol de- 
hydrogenase, cleavage 
and dilution 
| n-MethylI nicotin-| From I by methylation and | 0.0167 
amide 2-pyri- alkaline Fe(CN)¢* oxi- 
| done* | dation 
III. ....} n-Methy] nicotin-| From I by methylation and | 0.0163 
| amide 6-pyri- | alkaline Fe(CN)¢-* oxi- 
|  done* | dation 
IV | Ba DPNHt+ | Exchange in mitochondria | 0.098 
V | DPNt Oxidation of IV with alco- | 0.102 
| hol dehydrogenase 
VI | DPNf | Reduction of V with glycer- | 0.006 


aldehyde 3-phosphate de- 
hydrogenase, reoxidation 
with alcohol dehydro- 
genase 

* Exchange was carried out as in Fig. 1 on 5 times the scale 
shown there. Preparation and separation of the pyridones were 
carried out starting with 50 mg. of nicotinamide. (For the sepa- 
ration of the pyridones on this small scale it is essential to use 
CHC; which is free of ethanol for the extraction.) 

+ Exchange was carried out as in Fig. 1. Crude Ba DPNH was 
precipitated and diluted with unlabeled DPNH (dilution factor = 
1.96). One portion of the sample was repurified as Ba DPNH by 
repeated alcohol precipitation (IV). Another portion was oxi- 
dized to DPN with acetaldehyde and alcohol dehydrogenase and 
the DPN was purified by precipitation with acid acetone (V). A 
fraction of the DPN was reduced with glyceraldehyde 3-phosphate 
dehydrogenase in the presence of arsenate with glyceraldehyde 
as substrate. The reaction mixture was heated to destroy the 
enzyme and the DPNH was reoxidized without isolation by means 
of aleohol dehydrogenase and acetaldehyde. The DPN was re- 
covered with acid acetone (VI). 


B-specific one (glyceraldehyde 3-phosphate dehydrogenase); 
this maneuver inverts the configuration of the deutero DPNH 
so that the deuterium will now appear in the a@-position and 
may be removed by oxidation with an a-specific dehydrogenase 
(aleohol dehydrogenase). 

In mitochondria the oxidation of DPNH was found to involve 
the same side of the nicotinamide ring as did the exchange reac- 
tion. When the sample of DPNH (Table I, (I)) was oxidized 
with H.O-treated mitochondria, the nicotinamide obtained from 
the resulting DPN contained only 0.003 mole per mole. 

Data which show that the DPNH-cytochrome c reductase of 
heart catalyzes a stereospecific exchange are given in Table III, 4. 
Furthermore, this enzyme oxidized B-deutero DPNH to yield 
DPN (Table III, B).2 A further comparison of 
stereospecificity of oxidation and exchange is afforded by xan- 
thine oxidase. Vennesland (15) reported that the oxidation of 
DPNH by xanthine oxidase was not stereospecific. Experi- 
ments, the results of which are shown below, have demonstrated 


unlabeled 


3 Frieden (14) has found that B-deutero DPNH (0.65 mole of 
deuterium per mole) is oxidized by the DPNH-cytochrome ¢ re 
ductase more slowly than unlabeled DPNH. The rates differed 
by a factor of 2.3. 
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TaBLeE III 


Stereospecificity of exchange and oxidation with DPN H-cytochrome 
c reductase 


_ . Atom % 
Compound Preparation Analyzed as excess 
of D 
I DPNH* | Exchange with | Ba DPNH 0.095 
| | DPNH-cyto- 
chrome c reduc- 
tase 
ll | DPN* Oxidation of Iwith | DPN 0.10 
alcohol dehydro- 
| genase | 
il | DPNt Oxidation of 6-deu- | Nicotinamide | 0.125 
tero DPNH by | 
| | aleohol dehydro- | 
genase 
Oxidation of B-deu- | Nicotinamide | 0.015 


IV DPNf 
tero DPNH by | 
| DPNH-cyto- 
| chrome ¢ reduc- 
| tase 
*Reaction carried out in tris(hydroxymethyl)aminomethane 
buffer, pH 7.5, 100 ymoles; DPNH, 20 umoles; and DPNH-cyto- 
chrome c reductase sufficient to oxidize approximately 5 umoles of 
DPNH per minute. Incubation was at room temperature for 30 
minutes. Crude Ba DPNH was precipitated, analyzed and di- 
luted with unlabeled DPNH (dilution factor = 1.53). One-half 
was reprecipitated as Ba DPNH (I); the other half was oxidized 
with acetaldehyde and alcohol dehydrogenase to DPN which was 
chromatographed on Dowex 1-Cl, and recovered from the eluates 
by concentration under vacuum and precipitation with acid ace- 
tone (II). 
+8-Deutero DPNH, 8.5 umoles; tris(hydroxymethyl)amino- 
methane buffer, pH 7.8, 100 umoles; and DPNH-cytochrome c re- 
ductase sufficient to oxidize about 10 umoles of DPNH per minute 
with cytochrome c as acceptor) in a 5-ml. volume. Dichloro- 
phenolindophenol was added in portions as rapidly as it was de- 
colorized. Reaction was essentially complete after 14 minutes. 
Another sample of the 8-deutero DPNH was oxidized with acetal- 
dehyde and aleohol dehydrogenase. Both samples were cleaved 
to nicotinamide, passed over a Dowex 1-formate column, and di- 
luted 10-fold with ordinary nicotinamide. 
None of the values in the above table are corrected for dilution. 


that this enzyme can catalyze the exchange reaction between 
DPNH and the medium and that the exchange reaction is not 
stereospecific. When xanthine oxidase was incubated anaero- 
bically with DPNH in D,O, the DPNH isolated from the reac- 
tion mixture was found to contain 0.026 mole of deuterium per 
mole; the nicotinamide obtained by oxidation of this DPNH 
with alcohol dehydrogenase contained 0.015 mole of deuterium 
per mole. This result shows a preference for the B-side of the 
ting similar to but smaller than that found for heart diaphorase 
(3). The result for the xanthine oxidase may be exaggerated, 
since analyses of nicotinamide representing the oxidized nucleo- 
tide are more reliable than those for DPNH, because the com- 
pound can be obtained readily in a highly purified crystalline 
form, 


Inhibitors of Flavin Enzymes—Some inhibitors of flavin en- 
tyme catalysis have been tested for their ability to affect the 
exchange 
reductase. 


reaction catalyzed by the DPNH-cytochrome c 


The results of several such experiments are com- 
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TABLE IV 
Effect of inhibitors of DPNH cytochrome c reductase 
on exchange 
Inhibitor | Deuterium | Nicotin- | Oxidation 
concentration Ba DPNH amide conteo 
M mole c.p.m./pmole % 
Control 0.17 | 100 
p-Chloromercuriben- | 
zoate 1.6 X 10-4 | 0.008 0 
Atabrine 4.3 xX 10° 0.22 . 
Control 2035 100 
Amytal 2 x 10°3 1847 50 
1568 28 


4 Aw} 


* Mahler (16) states that 10-? m Atabrine inhibits the enzyme 
completely. 

Deuterium experiments: Reaction mixtures contained tris(hy- 
droxymethyl)aminomethane buffer, pH 7.5, 100 umoles; DPNH, 
15.5 ymoles; enzyme sufficient to oxidize 10 ymoles of DPNH per 
minute, inhibitors as indicated, in 2.0 ml. D.O. Components of 
reaction mixture preincubated at 6° for 5 minutes and solid DPNH 
added; reaction was allowed to proceed at room temperature for 
lhour. Ba DPNH purified and analyzed without dilution. 

Tritium experiment: Reaction mixtures contained tris(hy- 
droxymethyl)aminomethane buffer, pH 8.5, 10 wymoles; DPNH, 
9 umoles; DPNH cytochrome c reductase equivalent to 9 umoles 
of DPNH oxidized per minute, and 3.5 me. of tritium in a volume 
of 1 ml. Incubation was at 15° for 20 minutes. DPNH was pre- 
cipitated twice as the Ba salt, oxidized with acetaldehyde and 
alcohol dehydrogenase, and cleaved; the nicotinamide was di- 
luted, crystallized, and counted. Values are calculated per 
umoles of nicotinamide present in the DPNH of the reaction mix- 
ture. 


bined in Table IV. It is clear that neither Atabrine nor Amytal 
is an effective inhibitor of the exchange reaction catalyzed by 
this enzyme, although both will inhibit the over-all reaction 
fairly effectively at the concentrations used here. p-Chloro- 
mercuribenzoate totally abolishes the exchange reaction as well 
as oxidation at the concentration indicated. 

Time Course of Exchange—The experiments so far recorded 
have been of a qualitative nature. Before any comparison of 
rates of exchange under different conditions or of rates of ex- 
change with rates of oxidation could be made it was necessary 
to define conditions under which the rate of isotope incorporation 
was a reasonably linear function of time. The heart DPNH- 
cytochrome c reductase is quite unstable at 30° and above (9), 
but Frieden (14) has reported that it will yield linear rates of 
cytochrome c reduction for at least 3 minutes at 14° over a 
fairly wide pH range. It was hoped that the enzyme would 
be more stable at the high concentration used in exchange experi- 
ments than in the very dilute solutions employed for activity 
measurements. Fig. 1 shows the time course of the exchange 
of tritium between TOH and DPNH over a 20-minute interval 
at 16°. The reaction continues over the entire period, but the 
rate is not a strictly linear function of time. 

Rate of Exchange versus Rate of Oxidation—Karly experiments 
suggested that the rate of oxidation of DPNH by the reductase 
exceeded the rate of deuterium exchange by a very large margin. 
Although no reliable comparison of true initial velocities is 
practical, experiments designed to compare the rates under the 
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Fia. 1. Reaction mixture contained DPNH, 40 umoles; tris (hy- 
droxymethyl)aminomethane buffer, pH 8.5, 20 umoles; enzyme 
capable of oxidizing 9 umoles DPNH per minute; and 20 me. of 
tritium in 4.0 ml. Temperature was 16°. Samples were with- 
drawn at 0, 5, 10, and 20 minutes. The DPNH was prepared for 
analysis as described in the tritium experiments of Table IV. 
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Fig. 2. Reaction mixtures contained tris(hydroxymethyl)- 


aminomethane acetate buffers of the indicated pH, 20 umoles; 
DPNH, 9 umoles; enzyme capable of oxidizing 12 umoles of DPNH 
per minute; and 3.5 me. of tritium in a volume of 1.0 ml. Incu- 
bation was for 30 minutes at 14°. Samples for counting were pre- 
pared by the method outlined for the tritium experiment of Table 


IV 


best feasible conditions, i.e. measurement of exchange in short 
time intervals, with large amounts of enzyme at low tempera- 
ture, have been made. In one experiment a quantity of enzyme 
sufficient to oxidize 192 umoles of DPNH in 20 minutes at 17°, 
catalyzed the exchange of deuterium into 8.6 umoles of DPNH 
in the same time. In a second experiment a quantity of enzyme 
capable of oxidizing 47 umoles of DPNH under the standard 
assay conditions catalyzed the exchange of deuterium into 2.11 
pmoles of the 20 umoles present in 10 minutes at 17°. Both of 
these experiments yield a relative rate of about 20 to 1 for the 
two reactions. Since the errors in this measurement are largely 
at the expense of the estimated rate of exchange this ratio can 
be taken as the upper limit. 

pH Dependence of Rate of Exchange—The dependence of the 
rate of the exchange reaction on the pH is shown in Fig. 2. For 
purposes of comparison the rates of oxidation of DPNH in the 
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same buffers are also presented. It is apparent that both the 
position of the maximum and the shape of the pH activity curve 
are different for the exchange reaction and the oxidation reae. 
tion. 


DISCUSSION 


The pyridine nucleotide dehydrogenation reactions which 
involve a stably bound H atom in the substrate molecule haye 
been found to react by direct transfer of H from substrate to 
pyridine nucleotide (4). However, there is a class of enzymes, 
including some dehydrogenases as well as the pyridine nucleotide- 
oxidizing enzymes discussed here, which can be expected to 
catalyze an exchange between labeled protons of the medium 
and reduced pyridine nucleotide regardless of whether the reac- 
tions in fact proceed by H transfer or electron transfer mecha- 
nisms (17). This latter class would cover all reactions in which 
a reduced intermediate or product contains hydrogen atoms, at 
the site of reduction, which are isotopically exchangeable in the 
chemical sense (R—SH, ROH, R—NH, enol H) as well as those 
in which electron, rather than H atom or hydride ion, transfer 
occurs. Examples of enzymes for which exchange can be ex- 
pected to occur, at least to the extent that the over-all reaction 
is reversible, include, in addition to the flavin enzymes, SH 
dehydrogenases such as glutathione reductases and thioctic acid 
dehydrogenases, and perhaps folic acid reductases. 

Whether or not an enzyme displays stereospecificity with 
respect to the pyridine nucleotide is quite a separate question 
from whether it catalyzes an exchange with the medium, and 
depends upon other factors. It is noteworthy that all of the 
pyridine nucleotide dehydrogenases examined are stereospecific 
and none are random. Of the flavin enzymes examined, two, 
the DPNH-cytochrome c¢ reductase and the orotic dehydro- 
genase,‘ have proved to show 8- and a-stereospecificity respec- 
tively, while two others, the xanthine oxidase (15) and the 
diaphorase (3) are not stereospecific but show a preference for 
the B-side of the pyridine ring. Too few enzymes have been 
examined for stereospecificity and there is not enough ancillary 
information available from the application of other techniques 
to allow conclusions about the mechanism of the reactions to be 
drawn from the configurational differences. For example, it is 
possible that the nonstereospecific enzymes either (a) do not 
bind the reduced pyridine nucleotide in a unique configuration 
with respect to their surface or (6) that the reaction proceeds by 
electron transfer to yield a symmetrical intermediate which 
accepts a proton in a random fashion. 

It is certainly remarkable that both liver mitochondria and 
microsomes show such a marked preference for exchange to the 
B-side of the pyridine ring of DPNH. This should not be taken 
to mean that nonstereospecific or a-specific exchanging systems 
are absent in these subcellular particles, but only that 6-specific 
enzymes are preponderant either in amount or activity. The 
results, particularly those for the microsomes, do not exclude 
the possibility that 10 to 15 per cent of the isotope was exchanged 
into the a-side. The rather complete examination of the position 
of the deuterium exchanged into the nicotinamide ring in mito- 
chondria was undertaken to exclude the possibility that the 
exchange of deuterium was occurring into a position of the ring 
other than the one which is involved in oxido-reduction. 

*B. Vennesland, presented at a symposium on Reaction Mech- 


anisms in Enzyme Catalysis at the April 1958 meeting of the 
Federation of American Societies for Experimental Biology. 
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Of the inhibitors of flavin enzyme catalysis tested on the 
DPNH-cytochrome-c reductase only the sulfhydryl] inhibitor 
gems to act at a site which is essential for the exchange reaction. 
\tabrine (16) has been reported to inhibit the oxidation of 
DPNH by this enzyme, and Amytal appears to be a fairly 
efective inhibitor of flavin reduction by DPNH in mitochondria 
18). Clearly it does not inhibit cytochrome reduction by the 
purified reductase strongly and it has an almost negligible effect 
on the exchange reaction. Presumably then both these inhibi- 
tors affect the interaction of the flavin with the oxidant rather 
than the preliminary steps of the reaction which are reflected by 
the exchange. 

Some caution is necessary in interpreting these results as 
well as those on the pH dependence of the exchange because the 
yxidative rates and exchange rates are not measured under 
identical conditions; specifically, the DPNH concentration is 250 
to 500 times lower in the oxidative experiments than in the 
exchange ones. Therefore, if Atabrine and Amytal should 
empete for DPNH, their inhibitory effect might not be apparent 
in the exchange system. 

The rate-limiting step of the exchange reaction evidently 
depends upon some ionizable group of the enzyme since the rate 
does not show a strict dependence upon the H+ concentration. 
The wide divergence in both position of maximum and shape 
between the curves for exchange and oxidation could be taken 
to suggest that a different ionizable group or groups are involved 
in the rate limiting steps of the two reactions. It is interesting 
to note, however, that the curve for the pH dependence of the 
exchange is almost identical in shape to that for the pH de- 
pendence of Vmax obtained by Frieden from the kinetics of 
the oxidative reaction, except that the curve for the exchange 
reaction is shifted towards lower pH by 0.6 unit. For the 
particular case presented by the DPNH-cytochrome c reductase, 
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V max can be a measure of ke, where kz may be a complex constant 
involving the dissociation of the enzyme-coenzyme complex to 
give enzyme + DPNH.® The explanation of the shift of the 
curve is not apparent, but it could perhaps be caused by changes 
in the pK of ionizable groups resulting from the fact that the 
enzyme is totally reduced in the exchange reaction, whereas it 
is at least partially oxidized in the oxidative experiments. 

Weber and Kaplan (21, 22) have made a detailed study of the 
properties of the flavin enzyme catalyzed reduction of the 3- 
acetylpyridine analogue of DPN by DPNH. This reaction may 
not be identical to the proton nucleotide exchange discussed 
here, but the similarities are great enough to suggest that both 
reactions reflect the same property of the enzymes. 


SUMMARY 


Mitochondria, microsomes, heart reduced diphosphopyridine 
nucleotide (DPNH)-cytochrome c reductase, and xanthine 
oxidase catalyze an exchange reaction between DPNH and the 
protons of the medium under conditions where no net reaction 
occurs. 

In mitochondria, microsomes and the DPNH-cytochrome c 
reductase the reaction is stereospecific for the 6-side of the 
pyridine ring of the DPNH. The exchange catalyzed by xan- 
thine oxidase is not stereospecific. 

Some properties of the exchange reaction catalyzed by the 
cytochrome reductase are described. 
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This paper investigates two aspects of intact mammalian cells 
and their isolated mitochondria: (a) cytochrome composition, 
and (b) pathways of electron transfer. Such a study is timely in 
view of current interest in the cytochromes of phosphorylating 
and nonphosphorylating electron transfer systems and in alter- 
nate pathways of electron transfer. 

For studies of oxidative phosphorylation, mitochondria are 
usually prepared from solid tissues of mammalian organs, such 
as liver, kidney, and heart. Their cytochromes can be observed 
accurately and in detail by spectrophotometric examination of 
mitochondrial suspensions (1, 2), and they have, for some time, 
been under study in this laboratory (3, 4). The intact cell has 
been more difficult to investigate. Precise spectrophotometric 
techniques for direct observation of cytochromes of most solid 
tissues are still being developed and are not yet satisfactory over 
wide ranges of wave length; preparations of cell suspensions from 
solid tissues, although practicable, do not provide wholly satis- 
factory results. For most experimental materials, therefore, an 
accurate comparison of cytochrome content and function in the 
tissue of origin with those of its isolated mitochondria is not yet 
possible. 

There are, however, two types of single cell suspensions of 
which precise spectrophotometric studies can be made: those of 
yeast and ascites tumor cells (5, 6), although only the latter 
yields satisfactory mitochondrial preparations (7, 8). In yeast, 
the forces necessary to rupture the cell membrane apparently 
damage its mitochondria (8), although a moderate phosphorylat- 
ing activity is retained. Ascites tumor cells are therefore the 
most satisfactory material for comparing cytochrome function in 
the isolated particle and in the intact cell. As described else- 
where, related studies have recently been carried out with toad 
heart muscle (9). 

The starting point for our current studies of electron transfer 
was Keilin’s pioneer work on intact tissues and succinic oxidase 
particles derived from beef heart muscle (10). However, since 
the particles investigated by Keilin and Hartree have no phos- 
phorylative activity and the intact beef heart muscle contains 
so much myoglobin that it is difficult to work with, it was ap- 
parent that the ascites cells, which, in addition to the fact that 
they can be freely suspended, contain no myoglobin, would be a 
more suitable material for comparing the properties of their phos- 
phorylating mitochondria and pathway of electron transfer with 


those of the intact cells. Our studies show, by direct spectro- 


* This research has been supported in part by grants from the 
American Cancer Society and the Deutsche Forschungsgemein- 
schaft. 


scopic assays, the recovery of respiratory enzymes in mitochon- 
dria relative to cytochrome a, permitting a comparison of the 
pattern of respiratory enzymes of the whole cell with that of their 
isolated mitochondria and giving an assay of pigments other than 
the respiratory carriers that may also be present in the cells, such 
as cytochrome bs. 

Methods for investigating the pathways of electron transfer of 
the intact and mitochondria] systems are limited chiefly to the 
use of specific inhibitors of electron transfer. Previous work (11) 
has shown that cytochrome as, in terms of its photochemical ae- 
tion spectrum, functions as the terminal oxidase in ascites tumor 
cell suspensions. Reif and Potter (12) conclude that 97 per cent 
of the electron transfer in Flexner-Jobling carcinoma is antimycin 
A insensitive. Greenstein (13) has pointed to anomalous proper- 
ties of the succinic oxidase pathway of various tumor cells. Here, 
we have used, in addition to carbon monoxide which defines the 
terminal enzyme of respiration, antimycin A to determine the 
contribution of the cytochrome 6; pathway and Amytal or simi- 
lar barbiturates to determine that of the succinate pathway. In 
the presence of these inhibitors, neither the succinate nor the 
cytochrome 6; pathway carries measurable amounts of electron 
transfer in the intact cells, whereas the pyridine nucleotide-flavo- 
protein-cytochrome system is a principal pathway of electron 
transfer. 

We will examine the relative amounts of the cytochrome 
components of this respiratory chain and their effectiveness in 
catalyzing respiratory activity, and in addition will compare 
methods for the assay of cytochrome b in ascites tumor cell sus- 
pensions. 

The amount and activity of the cytochromes of ascites tumor 
cells require investigation because of the widely accepted proposi- 
tion that they are relatively deficient in respiratory activity. 
This has been attributed to a low content of cytochromes c and 
a + as; (14), a hypothesis based upon assays of these enzymes 
extracted from solid tumors. Such extractions, however, either 
may be incomplete or may result in some inactivation of cyto- 
chrome oxidase. Furthermore, the methods for assay of cyto- 
chrome oxidase leave much to be desired, not only because of the 
inhibitory effect of cytochrome c upon cytochrome oxidase activ- 
ity, but also because of the effects of endogenous inhibitors, such 
as basic proteins (15). 

Since it is possible to make direct spectrophotometric assays 
of cytochromes ¢ and a + 4a; in the intact ascites tumor cell sus- 
pension and, further, to determine the turnover number of these 
components in their respiratory activity under physiological con- 
ditions, we are able to shed new light on the question of the “de- 
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jeiency”’ of respiratory activity in this particular tumor. The 
umover numbers of the cytochrome components of the intact 
cites tumor cell can readily be compared with data on the 
gitochondria isolated therefrom as well as with data on other 
intact cells and their mitochondria. Still another advantage of 
the ascites tumor cell is that, whereas solid tumor cells may have 
terogenous cell populations, it is relatively homogeneous (16) 
ind can be controlled with respect to ploidy. 


EXPERIMENTAL 


Ascites cells (Lettré hyperdiploid Ehrlich ascites tumor, ‘‘E-L 
stock,” if not otherwise stated) were grown in 2-month-old fe- 
nale Swiss mice! and harvested on about the seventh day after 
inoculation. The cells were withdrawn from the sacrificed ani- 
nal with a syringe and injected in a buffer solution of 2 ml. (for 
glution, see below). The cells were centrifuged at low speed, at 
rom temperature. The packed cells were taken up in a buffered 
medium and diluted to a suspension of about 200,000 cells per 
mm’. When red cell contamination became apparent, the 
packed cells were diluted in distilled, deionized water for 10 to 
# seconds in order to lyse the erythrocytes after which either 
the cells were brought back to isotonicity, centrifuged, and 
taken up in isotonic medium, or the lysis was repeated. By 
this treatment, cell suspensions were obtained which were spec- 
trophotometrically free from hemoglobin. Suspensions with 
goss contamination by red cells were not used in our study. 
One lysis procedure caused an increase of necrotic ascites cells 
fom a normal value of 4 per cent up to 20 per cent; a second 
lysis, up to 25 per cent. Another useful method for separation 
of erythrocytes is a differential centrifugation of the cell sus- 
pension. During a 10 minute centrifugation at 800 r.p.m. in 
an International centrifuge (head 269, 5-cc. tubes), ascites cells 
ttle to the bottom and the erythrocytes remain at the top, 
where they can easily be caught and drawn off. This procedure 
may be repeated several times. Contamination of our cell 
suspensions with other cells such as leucocytes did not exceed 
Sper mille, according to differential counting of smears stained 
by the May-Grunwald method. The cells were usually counted 
ina Neugebauer chamber. The usual yield was 3 cc. of ascites 
cell serum per animal of a count of ~250,000 cells per mm‘. 
One million cells contain about 1 mg. wet weight (average value 
1.07 mg.) or 0.3 mg. dry weight. 

The reaction medium, termed “‘saline phosphate,” is made up 
as follows: 40 ml. of KCl (0.154 m), 9 gm. of NaCl solid, 15 ml. 
of NaHsPO, (0.11 m), 85 ml. of NasHPO, (0.11 m) diluted up 
toll. with distilled deionized water. In this medium, no change 
in electrolyte concentration of ascites cells could be observed. 
The role of phosphate can be controlled by replacing it with 10 
to 40 mM tris(hydroxymethyl)-aminomethane buffer. 

As indicated by the work of Hempling? (18), who carried out 
the electrolyte determinations, disturbances in the electrolyte 
transfer reactions are observed if the cells are stored for some 
time at 0° and then brought to room temperature. For this 


‘We would like to thank Dr. T. 8. Hauschka for his advice and 
generous supplies of cells of clonal origin and of various ploidies 
grown in Ha/ICR Swiss mice (for a description, see (17)); Profes- 
sor H. Lettré for his advice and supplies of cells; and Dr. E. 
Patterson who kindly supplied us with E-L cells on various occa- 
sions. 

? Personal communication. 
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reason, the cells were usually kept at room temperature after 
withdrawal from the animal. 

In studies of a wide variety of Ehrlich and Ehrlich-Lettré 
tumor cells of different values of ploidy, no great variations of 
cytochrome content were found (i.e., the amount of cytochrome 
is proportional to ploidy when calculated on a per cell basis). 
It is therefore possible that the values given here are representa- 
tive of ascites tumor cells in general. 

The high cytochrome content and reasonably good trans- 
parency of ascites tumor cells have enabled us to apply both the 
double-beam and split-beam spectrophotometric-recording tech- 
niques without special modification. When suspended in the 
medium recommended above, the cells settle very slowly and 
thus cause little difficulty from nonspecific effects. The spec- 
trum of Fig. 2 of (6) shows that wholly satisfactory difference 
spectra of the cytochromes in the range of 320 to 640 my can be 
obtained with the single-beam technique. 

This paper contains average values for the cytochrome con- 
tent and turnover number of ascites cells and mitochondria. 
Values for cell concentrations or wet weight of cells or both used 
in each experiment appear in the figure legends. The conver- 
sion figure used is 10° cells per 1 mg. wet weight. Cell concen- 
trations of 10° per mm.* (~100 mg. wet weight per cc.) in a 
volume of 2 cc. proved convenient for our spectroscopic and 
respiratory observations. If the cell count was not taken, a 
conversion factor from some other parameter was used: for 
example, an over-all average value for the glucose-activated 
phase of respiratory activity is 2 um O,.' per second per 105 cells 
per mm.’ (Qo, = —5) at 26°. The variation of endogenous 
respiration is discussed in Paper III (19). 

Another useful parameter is that 10° cells per mm.’ show a 
value for AD 445-40 of about 0.1 (cf. Figs. 1, 6). Interconversion 
of these values gives a turnover number of cytochrome a for the 
glucose-activated phase of 8 sec.-' (cf. values given in Table I 
for endogenous substrate). With these factors, the important 
characteristics of the cell suspension can be calculated from the 
data given in the figure legends. 

The preparation of the mitochondria is described elsewhere 


(7). 


RESULTS 


Difference Spectra—With the split-beam technique, it is pos- 
sible to obtain clearly defined spectra representing the differences 
of absorbancy between anaerobic cells and those metabolizing 
aerobically with endogenous substrate. Such an experiment is 
illustrated by Fig. 1, where the recording replots a continuous 
registration from the split-beam spectrophotometer in which 
absorbancies have been read at all wave lengths throughout the 
spectrum. The absorption bands of reduced cytochromes as, 
a, and c, flavoprotein, and pyridine nucleotide are defined. The 
clear delineation of the Soret bands of cytochromes c and a; 
(labeled c and a3(+a)) is here caused by the reduction of cyto- 
chrome b in the aerobic steady state; no appreciable change in 
the intensity of the cytochrome 6 band is caused by anaerobiosis, 
but cytochrome 6 is clearly revealed by Amytal or antimycin A 
treatment (see below). 

Concentration of Cytochrome Components—Such spectroscopic 
studies have made it possible to accumulate considerable data on 
various types of ascites tumor cells. These are compared with 


3 uMoles per liter. 
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Fic. 1. Spectrum representing the difference between steady 
state oxidized respiratory components of aerobic and anaerobic 
ascites tumor cell suspensions. The absorption bands correspond- 
ing to the various components of the respiratory chain are labeled 
on the diagram; cytochrome b is, however, indistinguishable be- 
cause of its large reduction in the steady state. Optical density 
increment is abbreviated to AOD in other figures; both are used 
synonymously with absorbancy change. Mice starved 6 hours. 
Hemoglobin removed by one 30-second differential lysis in distilled 
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In addition, the cytochrome a3:a ratio is in the normal range for 
mitochondria. 

The amount of cytochrome 6, as assayed in the intact ascites 
cell, is roughly one-third that of starved yeast or liver mitochon. 
dria, but.this value may be doubled to account for the reduction 
of cytochrome 6 in the aerobic steady state. As seen in Fig, |, 
the absorption peak of reduced pyridine nucleotide is shifted to 
a shorter wave length, presumably because of protein binding, 
The emission spectrum for the fluorescence of the reduced pyri- 
dine nucleotide of the ascites tumor cell suspension has a mayj- 
mum near 445 my,‘ indicative of the bound form. The assay 
is here based on the absorbancy change at 325 my with respect 
to 374 mu. A value of Ae of 5.7 cm.-! * mm”! is used. The 
amount of RPN‘* in the intact tumor cell, estimated in this map- 
ner, is within the range of that for yeast cells, but the value for 
RPN in the ascites mitochondria is almost 50 per cent lower than 
that for liver mitochondria, possibly because of damage occur- 
ring in the preparation method. 

When these results are compared with those obtained previ- 
ously for Ehrlich, Krebs-2, and dba thymoma cells (6), it is seen 
that the pattern here corresponds most closely to that of the 
thymoma cells, and that the very high ratios of cytochrome c to 
cytochrome a found in the earlier study are not generally charac- 
teristic of ascites cells. Since the cells used in the present study 


water. 1.34 X 10° cells per mm.* (~130 mg. wet weight per cc.), 4T¢ nearly homogeneous in chromosome number and cell type 
saline phosphate solution, 25°, endogenous substrate. (225a). these results on turnover number are probably more meaningful 
TaBLeE I 


Respiratory components of cells and mitochondria 
































Chro- , Relative amounts of respiratory enzymes 
Material Designation tl baron waa (TN)a* Reference 
No. a | b | c+a fp | as | RPN | 
Intact cells | | | | 
Ascites tumor E-L stock 46 7 3 1 0.3 | 2.2 | 4.4 | 0.9 6° | Experiment 225 
Ascites tumor E-L stock 84 ge 3 1 0.4 | 2.6 | 3.5 6° Experiment 232 
Ascites tumor E-L 88 stock 94 62 1 | 0.4% | 2.0 | 8> | Experiment 244 
Yeast Bakers’ 20° | 52 | 1 11.4 | 2511.5 | 1.6 6 | Experiment 911 
Muscle Frog sartorius 2-32 1 | 0.6% | 1.8 | 3.0 | 0.8 20° | (30) 
Muscle Toad heart 20-402 1 |0.4°/ 1.1 | 1.3 | 0.8 6° | (9) 
Mitochondria | | 
Ascites tumor E-L stock | | 2¢ 104 1 }1.0 | 3.1 10 | Experiment 662 
Yeast Bakers’ | 1.5° | 100¢ 1 1.5 1.4 1.2 | very | Experiment 591 
| | little 
Liver Rat 2¢ g¢; 1 0.9 ..7 3.6 19 | (3) Experiment 432d 
Muscle | Rat heart 6° 21/ 1 | 0.9 1.7 | 38.| 2.1 


4.3 | (4) Experiment 616d 





*4 X moles of O, utilized per mole of cytochrome a per second. 
@ Moles per gm. cells X 10°. 


> Steady state oxidized only; considerably more of the component is present. 


¢ Moles per mg. protein X 10!°. 
4 Glutamate as substrate. 
¢ DPNH as substrate. 


4 a-Ketoglutarate as substrate; (TN), = 16 with 8-hydroxybutyrate as substrate. 


data on yeast and liver in Table I, where the cytochrome con- 
centrations are given first relative to cytochrome a and then on 
an absolute basis for cytochrome a. With these data, the ab- 
solute concentration of any component can be calculated. 
Referring to the relative amounts of the cytochromes, the 
first striking feature is that there is no deficiency of cytochrome 
c. The ratio of cytochrome c to cytochrome a approaches that 
of yeast cells, and exceeds that of isolated liver mitochondria. 


Although an attempt was made to determine differences in 
cell content as the basis of ploidy in the cells, the results dis- 
cussed here suggest that there is no large change in the relative 
values. 

Effect of Barbiturates—A study of the effects of Amytal and 


4 Unpublished data. 
5 The abbreviation used is: RPN, reduced pyridine nucleotide. 
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Fic. 2. Effect of successive additions of Amytal upon oxidation- 
reduction level of cytochrome 6 (left) and flavoprotein (right). 
0° cells per mm.* (~100 mg. wet weight per cc.) and 1.7 X 105 
ells per mm.* (~170 mg. wet weight per cc.), respectively; saline 
phosphate solution, 25°, endogenous substrate. (634b). 


antimycin A upon the whole cells provides an explanation for 
the unusually small absorbancy change at wave lengths appropri- 
ate to cytochrome b (Fig. 1). If the kinetics of the absorbancy 
hanges after the addition of Amytal to the suspension of ascites 
tumor cells are followed in the double-beam spectrophotometer 
iat wave lengths appropriate to both cytochrome b and flavo- 
protein, as illustrated by Fig. 2, it is seen that each successive 
addition of Amytal (0.8 mm) to the suspension causes a large 
absorbancy change until a plateau is reached. The results of 
uch titrations in an experiment similar to that of Fig. 2 are 
slotted for cytochrome 6, flavoprotein, and reduced pyridine 
wucleotide in Fig. 3. It is seen that Amytal concentrations on 
the order of 0.8 mm give half-maximal effect for all three com- 
ponents registered in the figure. Furthermore, the figure indi- 
rates that whereas cytochrome 6 and flavoprotein become 
xidized, pyridine nucleotide becomes more reduced. Thus the 
rossover point and hence the probable site of action of the 
jarbiturate are between reduced pyridine nucleotide and flavo- 
protein. This is an important confirmation of the results 
weviously obtained with isolated mitochondria (20) and is the 
frst record of the crossover point for Amytal inhibition of elec- 
ton transfer in the whole cell. Two other results are afforded 
y these studies and will be discussed later. First, the respira- 
tion is largely inhibited by Amytal in agreement with Ernster, 
dal. (21). Second, succinate addition does not cause the re- 
establishment of respiration or reduction of cytochrome 6 in 
ontrast to the result obtained with isolated mitochondria or 
vith homogenates (22). 

Other barbiturates as well as Dolantin have similar effects 
pon respiration. The concentrations required for half-maximal 
uhibition are given in Table II. In the case of Evipal, the 
spectroscopic effects upon the cytochromes and pyridine nucleo- 
tides were found to be the same as those for Amytal. 

Amytal treatment of the whole cells provides a method for 
btaining a spectrum which corresponds to the difference be- 
tween the fully oxidized and fully reduced cytochromes. In the 
‘pectrum of Fig. 4, the cuvette containing aerobic cells is treated 
vith Amytal (——). Here the difference spectrum shows clearly 
the absorption bands of cytochrome b in both the visible and the 
Soret regions, and the spectrum may be appropriately labeled 
‘idized minus reduced. 

Included for comparison in Fig. 4 is the spectrum of the cyto- 
hromes of the isolated mitochondria (----), which washing 
luring preparation has rendered essentially substrate-free so 
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Fig. 3. A graph of steady state changes of cytochrome b, flavo- 
protein, and pyridine nucleotide caused by the addition of Amytal 
to an aerobic suspension of ascites tumor cells in the presence of 
endogenous substrate. The absorbancy changes are plotted from 
an experiment similar to that of Fig. 2 so that an oxidation is re- 
corded by an upward trace; appropriate absorbancy scales for the 
three components are also indicated. 10° cells per mm.* (~100 
mg. wet weight per cc.) for RPN and cytochrome b; 1.7 X 105 
cells per mm.’ (~170 mg. wet weight per cc.) for flavoprotein; 
saline phosphate solution, 25°. The zero point of the trace cor- 
responds to the endogenous steady state. (634). 


TABLE II 


Barbiturates as inhibitors of respiration in ascites tumor cells 


Inhibitor Sareeteen 
M 
5-Ethyl-5-isoamylbarbituric acid (Amytal)* | 0.8 x 1073 
Sodium 5-(1-cyelohexen-1-yl)-1,5-dimethylbar- | 
biturate (Evipal)*. | 2.0 xX 10-¢ 
5-Ethyl-5-phenylbarbituric acid (Luminal) .| 1.9 X 10% 
5-(2-Bromoallyl)-5-sec-butylbarbituric acid (Per-| 
nocton)... oa tint dletednne aiinee ie si 1.6 X 10-3 
n-Methyl-4-phenyl-4-carbethoxypiperidine hy- 
drochloride (Dolantin)..... ve 3.4 X 1075 


* Titrations of pyridine nucleotide reduction and cytochrome b 
oxidation were carried out in the double-beam spectrophotometer. 
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Fig. 4. Spectra representing the differences of absorption be- 
tween fully oxidized (see text) and fully reduced components of 
an ascites tumor cell suspension (——) and a mitochondrial sus- 
pension (----). Compare the intensity of the cytochrome b band 
with Fig. 1. 10° cells per mm.* (~100 mg. wet weight per cc.), 
washed and suspended in saline phosphate solution, 26°. (675e). 


that the respiratory carriers are in the oxidized state. The 
mitochondria are then reduced by substrate and an evaluation 
of the resulting data is given below. The traces of Fig. 4 do not 
show distinctive absorption bands in the ultraviolet region be- 
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Fig. 5. Titration of the cytochrome b components of an ascites 
tumor cell suspension, antimycin A as inhibitor. The end point 
(1 wm) corresponds to 3 X 10-® mole of antimycin A = 6 X 108 
cells. Spectrophotometric recording at 430 — 410 my. 1.75 X 105 
cells per mm.’ (~175 mg. wet weight per cc.), washed and sus- 
pended in saline phosphate solution, 26°, endogenous substrate. 
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Fig. 6. Spectra representing the differences of absorption (a) 
between an antimycin A-treated aerobic suspension and an un- 
treated suspension (@——@) and (b) between untreated steady 
state oxidized and reduced components (O——O; cf. Fig. 1). 
Mice starved 14 hours. Hemoglobin removed by one 30-second 
and one 45-second differential lysis in distilled water. 10° cells 
per mm.’ (~100 mg. wet weight per cc.), saline phosphate solution, 
25°. (225a-5). 


cause pyridine nucleotide is approximately equally reduced in 
both samples (see Fig. 3). 

Effect of Antimycin A—The alternative method of identifying 
cytochrome b in the ascites cell is by antimycin A treatment. 
The titration of cytochrome b with antimycin A is recorded in 
Fig. 5. A characteristic response of cells to antimycin A inhibi- 
tion is caused by the nonspecific binding of the inhibitor by 
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proteins before its combination with the respiratory chaip. 
Thus, although the first addition causes little absorbancy change, 
successive additions do so, and a plateau value is rapidly reached. 
If the steepest part of the graph represents a cytochrome b-anti- 
mycin A stoichiometry, a value of roughly 8 antimycin A equiy. 
alents to 1 of cytochrome b is obtained. This may be compared 
to the approximately 1:1 stoichiometry found with isolated 
heart muscle particles (23). Thus the suggestion of Reif and 
Potter (12) that antimycin A can be bound by cell components 
other than the respiratory carriers is supported by these studies, 
A very large inhibition of respiration accompanies the cytochrome 
b reduction in the presence of excess antimycin A. 

An example of the use of antimycin A treatment to record the 
difference spectrum of cytochrome 6 in aerobic cells is given jn 
Fig. 6. This figure contains two spectra. The first is analogous 
to that of Fig. 1 in which the difference between the steady state 
oxidized and the reduced components is plotted. Here again, 
it is seen that there is very little evidence for cytochrome b in 
either region of the spectrum. If, however, the difference be- 
tween the steady state oxidized cells and the antimycin A-treated 
cells is plotted, as in the second spectrum (@——@®), the ab- 
sorption bands of cytochrome b are seen at the appropriate wave 
lengths; based on several determinations, the a-band is at 562 
my and the y-band is at 430 mu. 

In separate experiments, the effect of adding antimycin A to 
the anaerobic cells has been recorded and it is found that no 
further change in absorbancy is obtained. This result may be 
compared with that obtained with particles isolated from heart 
muscle by the procedure of Keilin and Hartree (10). There 
a 566 my absorption band is obtained by a similar treatment 
(24). This band is attributed to modified cytochrome ). 
The fact that it is not found in the ascites cell, in which cyto- 
chrome 6 would be expected to be fully active, appears to agree 
with the conclusion that the modified material may be partly 
attributable to an inactivation of cytochrome b. 

Comparison of Cytochromes in Intact Cells and in Isolated Mito- 
chondria—As illustrated by Fig. 4, it is possible to compare the 
difference spectra of the cytochromes of intact cells with those 
of their mitochondria, provided the fully oxidized state is ob- 
tained in the reference material. The intact cells are treated 
with Amytal to achieve this; the mitochondria are usually suffi- 
ciently washed in the preparation method that the cytochromes 
are fully oxidized. To avoid any assumption concerning the 
extent of reduction of cytochromes in the steady state and to 
distinguish between cytochromes c and ¢, the “apparent abso- 
lute spectrum” is recorded at liquid nitrogen temperatures. 

Table III summarizes two experiments at low and room tem- 
peratures. For convenience, the data are presented as relative 
absorbancy changes and not as relative concentrations, since the 
quotients of the values for the intact cells and the isolated mito- 
chondria are relevant. Cytochrome a is used as the reference 
material because it has a clear absorption band, well separated 
from those of cytochromes b and c, and because it is one of the 
most insoluble components of the respiratory chain. 
constant ratio of cytochrome ¢ to cytochrome a absorption in 
the mitochondria and in the intact cell would indicate that all 
the cytochrome c of the cell was contained in the mitochondria. 

In the low temperature studies, the cytochrome c content of 
the intact cells is 5 per cent less than that of the isolated mito- 
chondria when substrate is used as the reductant; with dithionite 
as the reductant, it is 4 per cent in excess of that of the mito 


Thus, a | 
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chondria. Both of these differences are within the experimental 
error, and it can be concluded that a negligible amount of cyto- 
chrome c is in the cytoplasm of the ascites cell. 

The apparent increase of cytochrome b in the dithionite- 
treated material is caused by a component which does not have 
the characteristic absorption band of cytochrome b of the respira- 
tory chain and which is inactive in electron transfer. This 
substance has a broad band at about 560 my at low temperatures, 
making it unlikely that it might be cytochrome b;, which has a 
sharp absorption band at 558 my at liquid air temperatures (25). 

Room temperature data (Table III), in which cytochromes c 
and c; are summed and in which the extent of reduction in the 
steady state is decreased by Amytal treatment, show a 25 per cent 
discrepancy between the whole cell and the mitochondrial values; 
alarge loss of flavoprotein is also recorded. For these reasons, 
the low temperature data are considered more significant. (The 
small change of absorbancy of cytochrome a; at room tem- 
perature is significant.) Earlier studies of guinea pig liver mito- 
chondria (3) have shown that measurement of cytochrome a; is 
obscured by high flavoprotein content, and that this can be recti- 
fed by hypotonic treatment which removes the flavoprotein. 
The data given here validate a comparable supposition for ascites 
tumor cells and their mitochondria. A similar effect has been 
noted in measurements of the cytochrome a3 absorption band in 
toad heart muscle (9). 

Cytochrome Content on Weight Basis—The concentration of 
cytochrome a in the intact cell on a weight basis is in the range 
of 8 X 10-* moles per gm. of cells (Table I). This appears 
to be within the normal range for various types of tissues, 
similar spectrophotometric assays of skeletal muscle giving 
2x 10-%. The ascites cells contain one-third the cytochrome a 
of the very actively respiring yeast cell (2 x 10-8). In sum- 
mary, there is little experimental evidence favoring either a 
deficiency of cytochrome concentration in the intact ascites 
cell or an unbalance of the relative amounts of the compounds. 
It is therefore appropriate to look ‘to the properties of the 
mitochondria themselves to determine the cause of the over- 
all low turnover number of cytochrome in the whole cell. 

Cytochrome Turnover Number—The cytochrome concentration 
of the ascites cell on a weight basis does not indicate whether or 
not the cytochrome that is present is working at full capacity 
and is thereby limiting the rate of respiration. The turnover 
data in Table I show that this is not the case; the turnover num- 
ber of cytochrome of the intact ascites cell is ~6 per cent of 
that of yeast and ~30 per cent of that of mitochondria isolated 
from liver or ascites cells: i.e. other cytochrome systems turn 


| over much more rapidly than does that of intact ascites cells, 


suggesting that a control mechanism inhibits the action of the 
cytochrome chaii. 

The values obtained in these assays of oxidase activity are 
characteristic of ascites tumor cells freshly drawn from the mouse 
and diluted in the ascitic fluid. A series of such experiments 
shows that the respiratory rate is the same as that for cells sus- 
pended in the saline phosphate medium described above. How- 
ever, there are some variations in these values, caused by the 
condition of the cells, and higher turnover numbers were reported 
previously (23). Those given here correspond to the utilization 
of endogenous substrate in a cell suspension that shows a 2- to 
3-fold acceleration of respiration after glucose addition. 

Reaction Kinetics of Cytochrome Components and Oxygen—To 
demonstrate further the high activity of the cytochrome chain 
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TABLE III 


Relative amounts of cytochromes and flavoprotein in ascites cells 
and mitochondria (675e) 


ne | 


Absorbancy changes relative 
to cytochrome a 








Material Conditions Method 
| fp | a3 | a | b | a) ‘ 
en — || = 
Intact cells) Endoge- | Low tem- | | | 1.00.5 10.5 | 2.2 
| nous sub-| perature | 
| strate + | absolute | | | | 
azide | spectra | | 
Mitochon- | Succinate | Low tem- | ae 1.0/0.79|0.71| 2.1 
dria | as sub- perature | | | | 
strate absolute | | | | 
| spectra | 
‘ | | | | 
Intact cells} Azide + Low tem- | | 1.0)1.2*/1.1 | 2.4 
dithio- perature | | | | 
nite absolute Ba 
spectra | 
Mitochon- | Azide + Low tem- | 1.0)1.2*/1.0 | 2.5 
dria |  dithio- perature 
| nite absolute | | | 
spectra | | | 
r & ©. A | 
| c+a 


| 
| 


Intact cells! Room tem- 


perature 


Endoge- 2.0/4.8] 1.0/1.7 2.4 


nous sub- 


| 
| | 





| strate difference 
spectra | | 
Mitochon- Succinate Room tem- |0.7/6.7| 1.0/0.96| 2.0 
dria | assub- | perature | | | 
strate difference | | 
| | 


spectra | 
* Includes some material dissimilar to cytochrome 6b of the 
respiratory chain. 


of the ascites tumor cell, we have used the regenerative flow 
apparatus to measure the speed with which the reduced com- 
ponents of the anaerobic cell suspension are oxidized upon the 
Fig. 4 of (26) and Fig. 7 
show the results of such experiments. (This technique (27) 
has previously been described and applied to the study of iso- 
lated liver mitochondria (26).) The same flow apparatus and 
nearly identical conditions of mixing time, temperature (25°), 
and oxygen concentration (16 and 15 uM for the intact cells 
and the mitochondria, respectively) were used in both cases. 
Comparing the extent of reaction of cytochrome a of the intact 
ascites tumor cells with that of the isolated liver mitochondria, 
we find it to be ~90 per cent complete in the two times meas- 
ured (14 and 11 milliseconds, respectively). The extent of com- 
pletion of the reaction is indicated by the plateau which occurs 
directly underneath the peak of the flow velocity trace. This 
plateau shows the extent of oxidation of the cytochrome com- 
ponent at the time after mixing indicated by the peak of the 
flow velocity trace. With cytochrome c, ~50 per cent oxidation 
is obtained in both the intact cells and the mitochondria. The 
conditions differ somewhat for cytochrome 6. In the tumor 
cell suspension, a slower flow velocity and hence a longer time 
after mixing (44 milliseconds) were used, and the reaction was 
slightly more than half completed during the flow. In the 
experiment with liver mitochondria, a rapid flow velocit; 


sudden admission of excess oxygen. 


was 
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Fic. 7. Regenerative flow recordings of the kinetics of oxida- 
tion and reduction of four respiratory components of an ascites 
tumor cell suspension. The extent of the reaction at the time 
during flow is indicated by the brief plateau in the spectrophoto- 
metric trace just before the stopping of the flow. Cells from 20 
mice were diluted to a count of 6 X 10‘ per mm.* (~60 mg. wet 
weight per cc.) in a volume of 300 cc., were freed from hemoglobin 
by one 60-second differential lysis, and were then resuspended in 





used, and the reaction proceeded to only about 10 per cent 
completion at a time of 9.5 milliseconds. Thus there is essential 
agreement between the data for the cytochrome components of 
the intact cells and the isolated mitochondria. Flavoprotein, 
measured at 22 and 10 milliseconds shows a correspondingly small 
completion of the reaction during the flow. 

In summary, we find close correspondence between the reac- 
tion times of the components of the respiratory chain of the 
intact ascites tumor cell and those of isolated liver mitochondria. 
The fact that the flow of electrons through the cytochrome chain 


TaBLe IV 
Kinetics of oxidation of respiratory enzymes (25°) 





Pseudo first order velocity constant 
| (sec.~!) (16 wm Os, 25°) 








Materials Designation Dol — 
| a3 a | c| 6b | fp RPN 
Ascites tu- | E-L stock /360/150| 70| 20| 15 311b 
mor cells | (hyperdip- 
| Joid) | | y 
, re 235 
Ascites tu- | E-L stock | 60 | 4.3) 0.06) = 
mor cells | (hyperdip- | eo 
| oid) 1a 
| loic Ss | 
Ascites tu- | E-L 88 stock |280)180) 60) 21 |<10 244 
mor cells | (hypertet- | | | 
| raploid) ; ea 4 
Yeast cells | Bakers’ (Na- |530/500)190) 22 | 37 |~10 234 
| tional az 
| Yeast Com- 
pany) 
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465-532 my 


log Io/I =0.0 











> 
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Time after flow stops (sec.) 


saline phosphate medium, 25° (2.46 X 105 cells per mm.’ (~240 
mg. wet weight per cc.) in a volume of 80 cc.)._ Before the experi- 
ment, 19 per cent showed some abnormal morphology and after 
the experiment this figure rose to 30 per cent from the effects of 
the high speed flow. The respiratory rate is 1 wm O2 per second 
for 2.46 X 10° cells per mm.* in the presence of endogenous sub- 
strate compared to the activated rate obtained immediately after 
glucose addition (2.8 um O2 per second; see Paper III (19). (242b). 


of the isolated liver mitochondria exceeds that in the ascites cell 
by a factor of ~3 again suggests that a metabolic control of 
electron flow is exercised in the whole cell. 

A clear cut comparison of the relative oxidase activities and 
the relative turnover numbers of the cytochromes is indicated by 
a comparison of the cytochrome c records of Fig. 7 with Fig. 4 
of (26). In the isolated mitochondria, about 18 seconds are 
required for the expenditure of ~15 uM Os, but the amount 
of cytochrome c involved in the experiment with the ascites cells, 
indicated by the absorbancy calibrations on the records, is 
nearly 3 times that of the isolated liver mitochondria. 

The kinetics of oxidation of the cytochromes of the ascites 
tumor cell are compared to those of yeast cells of high respira- 
tory activity in terms of the regenerative flow data of Table IV. 
As in previous studies, the values of the velocity constants are 
computed by the first order equation, although insufficient data 
are available to justify this completely. Although the speeds of 
oxidation of cytochromes as, a, and c of the ascites cell are about 
one-third of those of yeast, cytochrome b is oxidized at about the 
same rate in both cases. It is also of interest that the speeds of 
the b — flavoprotein and flavoprotein —- RPN reactions are 
slower, especially the latter. This suggests some inhibition of 
electron transfer in the ascites cell, in agreement with the other 
data, and indicates that the step between flavoprotein and RPN 
may be involved. 


DISCUSSION 


The ascites tumor cell suspension has been found to be the 
most suitable mammalian material for detailed studies of the 
nature of the electron transfer pathway, the kinetics and mecha- 
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nism of the respiratory carriers, and evaluations of properties of 
metabolic control in the living material. 

The absolute concentration of cytochromes in a tumor cell, 
on a weight basis, is by no means low, especially in view of the 
relatively small demands for respiratory activity that are made 
upon the system. For example, the absolute concentration ex- 
ceeds that of skeletal muscle of the frog, and the cytochrome 
content per mg. of mitochondrial protein is similar to that of rat 
liver or bakers’ yeast (see Table I). The possibility of a de- 
ficiency of cytochrome oxidase appears inconsistent with the 
data of Table I. However, whereas in bakers’ yeast cytochrome 
oxidase has a turnover capacity of about 50 times per second, in 
the ascites cell it has a number of only 3 times per second. Thus 
over a 10- to 40-fold excess of oxidase activity is available. Simi- 
lar conclusions may be drawn regarding the other components 
of the respiratory chain of the ascites cells. 

A comparison of the relative amounts of cytochrome c in the 
ascites cells with that in the yeast cells shows that the ascites 
cells are adequately supplied with this component, in spite of 
assays of cytochrome c in solid tumors which indicate that this 
component may be deficient (14). It is seen that the cytochrome 
¢:a ratio is approximately equal to that observed in bakers’ 
yeast. 

The deficiency of cytochrome b revealed by studies of the 
intact cell is only apparent and results from the small oxidation 
of the b component in the steady state. In the isolated mito- 
chondria, where the endogenous substrate can be removed by 
washing, the spectrophotometrically observable cytochrome b 
rises to at least a 1:1 ratio with cytochrome a, which indicates 
that there is no deficiency of this component. 

The inconsistency between the assay of pyridine nucleotide 
in the intact cell and in the isolated mitochondria is again an 
apparent one caused by the large reduction of pyridine nucleo- 
tide by the endogenous substrate of the intact cell. Since the 
measurements in the intact cell sum those of the cytoplasmic and 
the mitochondrial pyridine nucleotide, it is necessary to rely 
upon the data obtained in the isolated mitochondria for the 
pyridine nucleotide-cytochrome a ratio. The value of 10:1 
iseven greater than that of rapidly respiring heart muscle sar- 
cosomes (4) and therefore can be considered adequate for high 
respiratory activity. In addition, spectrophotometric observa- 
tions show that there is no deficiency of reducing power in intact 
ascites tumor cells; they contain an excess of reduced pyridine 
nucleotide and a high state of reduction of cytochrome 6. Also, 
addition of lactate or pyruvate does not cause increased respira- 
tion. In summary, the ascites cells in suspension have a well 
balanced set of respiratory carriers which should be capable of a 
turnover number considerably higher than that observed in the 
living material. 

With the ascites cell, it is also possible to evaluate the sig- 
tificance of alternate pathways of electron transfer in an intact 
mammalian cell. Two types are considered: (a) a bypass of cyto- 
throme oxidase which results in cyanide and CO insensitivity, 
and (b) a partial bypass of the respiratory carriers which may 
tause no gross change of cyanide and CO sensitivity but may 
result in antimycin A (and probably Amytal) insensitivity. It is 
generally accepted that the first type of bypass is not of great 
consequence in the ascites tumor cell but the second type has 
been actively considered in view of the antimycin A insensitivity 
observed in tissue homogenates (12) or in somewhat disrupted 
mitochondrial suspensions which have been supplemented with 
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cytochrome c (21, 28). The result of our experiments, that 
nearly 100 per cent inhibition of electron transfer is obtained with 
both Amytal and antimycin A, suggests that such alternate path- 
ways of electron transfer do not act in the ascites cells. It also 
raises the question of whether or not such alternate pathways are 
of significance in the intact liver cell. 

Not only do the ascites cells lack measurable activity in an 
alternate pathway, but the spectroscopic data show no evidence 
of the cytochrome b; component as a participant in such a path- 
way. This contradicts any hypothesis proposing a generalized 
function of cytochrome 6; in respiratory activity. Additional 
evidence against the participation of the bs component in electron 
transfer is provided by the lack of cytochrome c in the cytoplasm 
of the cell. Our method for detecting cytochrome c in the cyto- 
plasm of the ascites cell, which depends upon the constancy of 
the ratio of the cytochrome c to cytochrome a absorption maxima 
in the cell and in the isolated mitochondria, indicates to within 
the experimental error that all of the cytochrome c is contained 
in the mitochondria; thus no appreciable amount is available for 
a shuttle of cytochrome c between cytoplasmic dehydrogenases 
and the mitochondrial oxidase. For this particular cell many of 
the pathways of electron transfer proposed by Dixon and Webb 
(see Fig. IX, 11, p. 420 of (29)) appear not only to be inoper- 
ative, but also to lack direct experimental support from the data 
for other cells. 

The stimulation of respiration caused by addition of succinate, 
which is proposed as a special property of tumor cells (13, 22), 
does not apply at all to the ascites cells because there is no re- 
sponse to succinate. First, succinate does not restore respiration 
in the Amytal-blocked system, which may be a permeability ef- 
fect. The second observation, an immediate response of the 
steady state of cytochrome b to Amytal addition, suggests that 
no appreciable succinate pool exists in the intact cell and that the 
DPN-linked pathway predominates. 

We will next consider the kinetics of the cytochrome system in 
relation to respiratory activity of these ascites tumor cells, espe- 
cially with respect to the possibility of a deficiency of cytochrome 
oxidase and cytochrome c. Kinetic studies show, under certain 
conditions, extremely rapid transfer of oxidizing equivalents along 
the respiratory chain of the intact ascites cell; the speed of oxida- 
tion of the respiratory components is closely comparable to that 
of a suspension of rat liver mitochondria. Thus there is no lack 
of oxidizing capability that would limit electron transfer through 
the respiratory carriers of the intact cell. 

The turnover number of the respiratory carriers in the steady 
state metabolism is very slow compared with that of the mito- 
chondria isolated from these cells or from liver cells, provided 
the mitochondria are supplied with excess substrate, phosphate, 
or phosphate acceptor. For example, Table I shows a 3:1 ratio 
of the turnover number of cytochrome a in the isolated ascites 
mitochondria to that in the intact cells. 

These results suggest that some control is being exerted over 
electron transfer in the intact cell that does not exist in the iso- 
lated mitochondria, either by the ADP or phosphate level or by 
the substrate level. 

If the ADP control hypothesis is correct, one would expect to 
find a stimulation of respiration of the cell suspension by a factor 
of approximately 3 upon supplying the lacking component to the 
electron transfer system. Experimentally, we find that a 3-fold 
increase of electron transfer activity can be obtained immediately 
after adding glucose to the aerobic cell suspension. Thus we are 
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able to demonstrate not only that a metabolic control is exerted 
over electron transfer in the ascites tumor cell, but also that such 
metabolic control can be released under appropriate experimental 
conditions (19). The respiratory activity of the intact tumor 
cell then approaches that of its isolated mitochondria and of 
mitochondria isolated from liver. 

In this comparison, the turnover number of cytochrome a is 
based upon data obtained with glutamate as substrate. In view 
of the rapid cessation of respiration of the intact cell suspension 
upon addition of Amytal, as mentioned above, it is probable 
that the succinate pool is of negligible magnitude and that the 
DPN-linked pathway is the appropriate one for this comparison. 


SUMMARY 


Ascites tumor cells are especially suitable for spectrophoto- 
metric investigations of the kinetics of cytochromes in relation 
to oxygen and glucose metabolism. In addition, the possibility 
of preparing isolated mitochondria and comparing their proper- 
ties with the intact cell provides a unique opportunity for the ex- 
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amination of a number of current problems in electron transfer 
and metabolic control. Hypotheses of cytochrome oxidase and 
cytochrome c deficiency are critically examined on the basis of 
experimental results with this material and are found to be ip- 
applicable by high numerical factors. Alternate pathways of 
electron transfer based upon cytoplasmic cytochrome c reductases 
and a shuttle of cytochrome c between cytoplasmic reductants 
and mitochondrial oxidants are rendered extremely dubious on 
the basis of accurate spectrophotometric measurements indicat- 
ing very little if any cytochrome c in the cytoplasm of these ceils, 
The lack of a detectable amount of cytochrome b; in these cells 
also makes doubtful its functions as an essential component of 
an electron transfer system. The respiratory chain of the ascites 
tumor cells appears to contain more than adequate amounts of 
cytochromes of the b-c-a-a3 system. 

When the respiratory activity of the intact cell is compared 
with the capabilities of the respiratory components in mito- 
chondria isolated from the cell, it is concluded that respiratory 
metabolism of the intact cell is limited by metabolic control. 
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Spectroscopic observations of intact ascites tumor cells (1) 
and excised muscle (2, 3) indicate that increases in metabolic 
rate May cause simultaneous changes in the steady state oxida- 
tion-reduction level of certain of the cytochrome components, 
the general pattern being that cytochrome b and, in many cases, 
reduced pyridine nucleotide are oxidized. 

Experiments with mitochondria isolated from liver suggest 
that the spectroscopic response of the respiratory carriers to the 
metabolic change is evidence of an increase of intracellular aden- 
osine diphosphate or phosphate concentrations (4, 5), and that 
the increased metabolism is a consequence of the greater avail- 
ability of phosphate or phosphate acceptor to the respiratory 
chain (6-8). 

Since the response of isolated liver mitochondria may afford 
a poor basis for comparison with that of living ascites cells, we 
have isolated the mitochondria of the latter material and deter- 
mined their respiratory and spectroscopic responses to ADP. 
Such experiments are described in this paper. Similar compari- 
sons of intact toad heart muscle and its isolated mitochondria 
have been made by Ramfrez (9) and of frog sartorius muscle and 
mitochondria by Jobsis.' 

Although mitochondria prepared from liver and kidney show 
unusually high respiratory control ratios (10-12) and large spec- 
troscopic responses to ADP (13, 14), heart muscle is a more diffi- 
cult material (15). It has recently become possible, however, to 
prepare sarcosomes from rat heart showing high phosphorylation 
efficiency and a high respiratory control ratio (16). So far, no 
respiratory control data and only low phosphorylation efficiency 
have been obtained with mitochondria of ascites cells (17). 

We here describe a preparation procedure for mitochondria of 
the ascites tumor cell, combining certain aspects of the methods 
used for heart sarcosomes with those used in preparing yeast 
mitochondria (18). With this method, a higher phosphorylation 
efficiency is achieved than in earlier studies (17), as well as satis- 
factory values of respiratory control. 


EXPERIMENTAL 


For the preparation of mitochondria, the ascites cells were col- 
lected in the usual manner (19). The cells were sedimented for 5 
minutes at 800 X g. The sediment was transferred to a stain- 
less steel container and mixed with 3 of its volume of Super-Brite 


* This research has been supported in part by grants from the 
American Cancer Society and the Deutsche Forschungsgemein- 
schaft. 

'F. Jobsis, in preparation. 
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glass beads (Minnesota Mining and Manufacturing Company), 
which were washed with diluted nitric acid before use. The 
mixture was shaken twice for 5 seconds in a Nossal shaker (20) 
and then centrifuged 5 minutes at 800 x g. The supernatant 
was cleared again by centrifugation 5 minutes at 800 x g and 
then centrifuged at 10,000 x g for 10 minutes. The sediment 
was taken up in 0.25 M sucrose, resedimented at the same speed, 
washed again with sucrose, and finally centrifuged at 12,000 x g 
for 10 minutes. The sediment was suspended in a small volume 
of isotonic sucrose and taken for analysis. The very low yield 
reached about 10 per cent of the initial wet weight. The assays 
were carried out in the medium used previously (see (11)). 


RESULTS 


In a series of four preparations of ascites tumor cells with suc- 
cinate as substrate, the average values for respiratory control 
ratio? and P:O ratio* are 3 and 1.4, respectively. The P:O ratio 
corresponds to a P/2e of 0.7 per site. Both properties of the 
mitochondria are summarized in the following figures. In Fig. 1 
the top trace records respiration as a function of time by means 
of the platinum microelectrode. Beginning at the left edge of 
the trace, the abrupt downward deflection is caused by the dilu- 
tion of the oxygen in the reaction mixture upon addition of the 
anaerobic mitochondrial suspension. The mitochondrial sus- 
pension respires slowly because of the presence of endogenous 
substrates and the added ADP. Addition of glutamate gives a 
respiratory rate of 0.26 um O2‘ per second. The respiration is 
momentarily accelerated by the addition of 4 mm succinate; how- 
ever, the added ADP is exhausted and a steady respiration rate 
of 0.4 um Oz per second is obtained. As soon as the conditions 
have stabilized, a second addition of ADP accelerates the respira- 
tory rate by over 2-fold to 0.9 um Oz per second. The asterisk 
indicates that 31 um Oz are taken up during the utilization of 
the added ADP.® Thereafter the respiration drops to 0.43 
uM Oz per second and finally can be accelerated by a third addi- 
tion of ADP which causes rapid utilization of the oxygen remain- 
ing in the suspension. The phosphorylation efficiency calculated 


* Respiratory control ratio is defined as the ratio of the respira- 
tory rate in the presence of ADP to that after the added ADP 
has been exhausted. 

3 Ratio given in atoms. 

4 wMoles per liter. 

5 This increment of oxygen utilization is not corrected for the 
uptake rate before addition of ADP, in accordance with currently 
accepted practice (12). 
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Fig. 1. Respiratory and spectrophotometric responses of mito- 
chondrial suspensions of ascites tumor cells. Top: platinum mi- 
croelectrode recording of the kinetics of oxygen utilization after 
additions of ADP, glutamate, and succinate. The rates of oxygen 
utilization at the points indicated by the arrows are given in 
umoles per liter (um) per second; during the interval marked 
by the asterisk, 31 um O2 was consumed at the accelerated rate 
caused by the addition of 78 um ADP (0.9 um Oz per second). 
Bottom: Responses of steady state oxidation-reduction levels of 
cytochrome 6 (left) and reduced pyridine nucleotide (right) to 
succinate and ADP. The respiratory control ratio is 2.1, and the 
P:0O ratio is 1.3 (succinate as substrate). ~8 mg. protein per 
cc., 26°. (667). 


Cytochrome b oxidation 


from the quotient of the added ADP concentration to the change 
of oxygen concentration is 2.5:1 for ADP/O, or 1.3:1 for ADP/O. 

The spectroscopic response that accompanies the change in 
respiratory rate is illustrated in the lower right-hand figure where 
the addition of ADP causes a small diminution of absorbancy as 
measured at 340 my with respect to 374 mu. This decrease is 
reversed by the addition of 2 mm glutamate which reduces the 
pyridine nucleotide; its effect is small compared with that ob- 
tained by addition of 4 mm succinate. The two typical cycles 
of oxidation and reduction recorded on the graph occur following 
two additions of 78 um ADP. This suggests that the succinate- 
linked pathway for pyridine nucleotide reduction as a reductive 
“dephosphorylation”’ process, similar to that studied previously 
in kidney mitochondria (14), is also present in the ascites tumor 
cells. The lower left portion of Fig. 1 records a separate experi- 
ment in which the kinetics of cytochrome b were measured at 
430 mu with respect to 410 mu. Addition of succinate causes 
reduction of cytochrome b as would be expected. The two addi- 
tions of ADP cause typical cycles of oxidation and reduction of 
cytochrome b. 

Fig. 2 represents a difference spectrum of the absorbancy 
changes that occur when the ADP is exhausted. Curve A corre- 
sponds to the difference of absorbancy between mitochondrial 
suspension in the absence of ADP (State 4) and one in the pres- 
ence of ADP (State 3). Since this change corresponds to a re- 
duction of the components involved, the absorbancy peaks are 
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Fig. 2. Difference spectra for mitochondrial suspensions of as- 
cites tumor cells in varying oxidation-reduction states. Curve A 
(State 4-3) represents absorbancy increases that occur when 
mitochondria treated with substrate (4 mm succinate), ADP 
(~500 wm), and phosphate (0.01 m) expend the added ADP 
in the transition from State 3 to State 4. Increased reduction is 
recorded as an upward deflection, and peaks identifying the pyri- 
dine nucleotides and cytochromes b and ¢ are clearly defined. 
Curves B and C (State 5-4) record the absorption changes from 
State 4, in which oxygen has been depleted, to State 5 in the pres- 
ence of substrate (4 mm succinate) and phosphate (0.01 mM). The 
absorbancy scale ratio for the Soret and visible regions is 4:1. 
The respiratory control ratio is 4, and the P:O ratio is 1.4 (suc- 
cinate as substrate). ~20 mg. protein per cc., 26°. (662). 


plotted as an upward deflection. Three absorption peaks are 
recorded: cytochrome b, cytochrome c, and reduced pyridine 
nucleotide. In addition, there is a prominent trough due to 
flavoprotein reduction. Thus, four components show increasing 
reduction in the transition from State 3 to State 4. This result 
suggests that the crossover point lies on the oxygen side of cyto- 
chrome c. For comparison, the State 5-minus State 4 transition 
(anaerobic minus aerobic) is recorded (Curves B and C). In this 
case, although the peaks of cytochromes a, b, and c are clearly 
distinguishable in the visible region (Curve B), they are fused 
into a large band in the Soret region (Curve C). There is little 
absorbancy change that can be directly attributed to reduction 
of pyridine nucleotide, which is already largely reduced in State 
4, and the transition to State 5 does not cause much further 
change. There is, however, some absorption that increases at 
shorter wave lengths towards 320 my. This effect has been 
noticed in heart muscle sarcosomes (16). 


SUMMARY 


The results described here indicate that mitochondria with 
reasonable respiratory control ratios and phosphorylative ac- 
tivity can be prepared from ascites tumor cells. When these 


mitochondria are tested for the response to the addition of aden- 
osine diphosphate, it is found that cytochromes b and ec, flavo- 
protein, and pyridine nucleotide are oxidized, a result that agrees 
with the response of the whole cell to the addition of glucose. 
This supports the supposition that the response of the whole cell | 
to glucose addition is a specific reaction to an increase in the 
phosphate acceptor concentration. 
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The remarkable “inverse Pasteur reaction” (the inhibition of 
respiratory metabolism caused by the addition of glucose) was 
discovered by Crabtree in 1929 (1). With the use of available 
manometric techniques, he observed that respiratory inhibition 
occurred in tumor slices after adding glucose and that it 
persisted for, the time measured (60’) the magnitude of the 
effect corresponding to a 50 per cent inhibition of oxygen utili- 
zation. Later manometric studies with tumor and other tissues 
(2-6) and more recently with ascites tumor cells (7-12) have 
verified the early observations. 

Rapid polarographic measurements of respiration in ascites 
tumor cells reveal a shorter but more intense inhibition beginning 
about 2 minutes after glucose addition and lasting about 5 min- 
utes, after which the inhibition apparently diminishes to a level 
characteristic of the Crabtree effect (1). The most striking fea- 
ture of these results is a 2- to 3-fold stimulation of respiration of 
endogenous substrate immediately after glucose addition and 
lasting as long as 2 minutes. The ensuing interval of intense 
respiratory inhibition corresponds to a 10- to 20-fold decrease of 
oxygen utilization (13). 

To distinguish further between this short, intense acceleration 
and inhibition and the longer lasting and less intense Crabtree 
effect, we here describe measurements of the kinetics of oxygen 
utilization by continuous recordings with the vibrating platinum 
microelectrode during the first few minutes after glucose has been 
added. The spectroscopic response of the components of the 
respiratory chain to the activation and inhibition of oxygen 
metabolism is reported in a succeeding paper (14) as are further 
metabolic studies of chemical assays of intracellular constituents 
at short time intervals." 


EXPERIMENTAL 


The vibrating platinum electrode (15) used in these studies is 
similar to the stationary type (16, 17) except that the glass-coated 
platinum wire which forms an open end electrode is attached to 
the 60 ¢.p.s. vibrating reed of the Brown Converter (18). This 
reed oscillates the electrode so rapidly that stirring the solution 
before adding reagents does not measurably change the electrode 
current. The reed and electrode are polarized at 0.6 volt, and 
the steady current flow is interrupted by contacts attached to 
the reed, passed through a transformer and then amplified by a 

vacuum tube circuit, and finally converted into direct current 
signals suitable for operating an Esterline-Angus recording meter. 

* This research was supported in part by grants from the Amer- 
ican Cancer Society and the Deutsche Forschungsgemeinschaft. 

1B. Hess and B. Chance, in preparation. 


The calibration of the circuit is described elsewhere (19). The 
method of cell preparation is described in Paper I (20). A useful 
value for the glucose-activated phase of respiratory activity is 
2 um O- per second per 10° cells per mm.’ at 26° (20). 
RESULTS 

Fig. 1 illustrates a typical response of respiratory metabolism 
to glucose. Within a second after adding glucose, the slow rate 
of endogenous respiration (1.0 um Os» per second) is briefly 
accelerated to 2.8 um Os per second, after which the respira- 
tory rate falls to a very low value (0.24 um Oz per second), 
This abrupt acceleration and deceleration could easily have gone 
unnoticed by workers using the Warburg manometric technique, 
since such changes would have been complete during the equi- 
libration period. A technique used by Ibsen et al. (12) also failed 
to give satisfactory recordings of these changes in respiratory 
rate. 

The respiratory activity of the diluted cell suspension varies 
somewhat. In some cases, respiration of endogenous substrate 
‘activated’ phase caused by glucose 


proceeds as rapidly as the 
addition (cf. Figs. 4 and 5), while in others the rate of utilization 
is negligible (cf. Fig. 2). These differences reflect variations in 
the utilization of ATP by the endogenous processes of the cell 
and are therefore to be expected to vary with the condition of the 
mouse, the age of the cells, etc. By analogy with mitochondria, 
such preparations may be called “loosely”’ or “tightly” coupled. 
Nevertheless, respiratory inhibition after glucose addition is reg- 
ularly observed, and it must be concluded that the exhaustion of 
intracellular ATP by glucose can inhibit the very rapid endog- 
enous respiration observed in Figs. 4 and 5. The stimulation of 


” 


endogenous respiration varies from 2- to 10-fold after glucose 
addition and lasts about a minute. The respiratory rate usually 
observed is 2 um Oz per second per 10° cells per mm.? (see “Ex- 
perimental’). The succeeding inhibition may exceed 10-fold and 
may last as long as 15 minutes. The unusual aspect of these data 
is the high value of the activated rate of respiration in relation to 
the inhibited rate. 

As illustrated in Fig. 1, the slowing of respiration is not irre 
versible. In accordance with observations of Kun et al. (7) and 
Racker (9), who used dinitrophenol and methylene blue, respec- 
tively, the addition of an uncoupling agent partially relieves the 
inhibition. We obtained similar effects with 30 um dicoumard 
(7 wm gives half-maximal results) and 40 ym dinitrophenol 
Other effective uncoupling agents are n-butyl-3 ,5-diiodo-4-hy- 


2 uMoles per liter. 
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droxybenzoate,? quinhydrone, salicylic acid, butazolidin, and 
triiodothyronine. We can therefore conclude with reasonable 
certainty that the inhibition observed after the rapid phase of 
respiration initiated by glucose addition is caused by lack of 
phosphate or phosphate acceptor at the mitochondria. The 
proposition that the respiratory stimulation is caused by an in- 
crease in the concentration of phosphate acceptor is discussed 
in succeeding papers! (14), although on the basis of the above 
experiment the possibility of an increase in substrate concentra- 
tion cannot be eliminated. 

Fig. 2 illustrates the respiratory response of a cell suspension 
with a much lower endogenous respiratory rate. In addition, 
the effect of Amytal is illustrated. This platinum microelectrode 
recording is also more detailed and begins with the electrode 
equilibrated in air saturated medium. Addition of 0.3 ec. of 
tumor cells in a final volume of 2.5 ec. causes a slight drop in the 
electrode current because the cells are anaerobic; the cells them- 
selves also cause a small decrease of electrode sensitivity (19). 
The addition of 11 mm glucose then releases a burst of respiration 
which runs rapidly until 52 um O2 has been expended with this 
cell suspension; respiration is then slowed to an unusual degree 
so that the remaining respiration is scarcely measurable. This 
inhibition is partially relieved by the addition of 50 um dicou- 
marol, after which 2 mm Amytal is added to block electron trans- 
fer via DPN-linked substrates (21, 22), thus inhibiting respira- 
tory activity. 

Assuming that the abrupt inhibition illustrated by Fig. 2 cor- 
responds to a change in concentration of an intracellular sub- 
strate or cofactor, we can compute, in terms of oxygen concen- 
tration, the value at which half-maximal effects are noted. Fig. 
3 (top) reproduces a typical trace of oxygen concentration versus 
time. By taking tangents at various points and plotting these 
slopes against the oxygen concentration, the lower graph is ob- 
tained (19). The lowest respiratory rate and the corresponding 
oxygen concentration are taken as the origin of the graph, and 
increments of rate and concentration are plotted with appropri- 
ate scale factors. A half-maximal rate is obtained with 5.2 
ua O» for this cell suspension. 
value is discussed below. 

Effect of Glucose Concentration—lf the glucose concentration is 
varied over a wide range, two distinct effects upon respiratory 
metabolism can be determined. The first is that illustrated by 
Figs. 1 and 2, namely an acceleration of respiration for which 
K, = ~2 mM for glucose (26°). With smaller concentrations of 
glucose, the respiratory stimulation is not always clearly distin- 
guished, although with some cell suspensions a clear acceleration 
is observed. Surprisingly, the respiratory inhibition does not 
liminish, and even extremely low concentrations of glucose pro- 
duce a marked inhibition. 


The possible significance of this 


Fig. 4 (left) represents a control ex- 
weriment in which the electrode is immersed in air-saturated 
medium. As in Fig. 2, the addition of the cell suspension causes 
in abrupt drop of the electrode trace, after which the steady 
tate respiration of endogenous substrate is recorded. Addition 
f4 mm glucose stimulates respiration. After 40 um O2 has been 
onsumed, the rate is severely inhibited. Although a further 
uldition of glucose will not reactivate respiration, the addition of 
icoumarol will stimulate it to a rate comparable to that directly 
iter glucose addition. In the companion experiment (Fig. 4, 
ight), all conditions are the same except that the first addition 


*Material kindly lent by Dr. H. Lardy. 
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Fic. 1. Platinum microelectrode recordings of respiratory ac- 
celeration and inhibition in response to the addition of excess glu- 
cose to an ascites tumor cell suspension. The inhibition is re- 
versed by dicoumarol (left) and dinitrophenol (DNP) (right). 
The rates of oxygen utilization marked on the trace are given in 
umoles per liter (uM) per second. In the left hand record, ~100 
mg. wet weight cells per cc. are suspended in 0.15 m KCl, 0.15 m 
NaCl, 0.04 m tris(hydroxymethyl)aminomethane buffer. In the 
right-hand record, washed cells (~100 mg. wet weight per cc.) 
are suspended in oxygenated saline phosphate medium (see Paper 
I (20)). 26°. (489b, 647e). 
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Fic. 2. A detailed recording of the responses of an ascites tumor 
cell suspension with a very low endogenous respiratory rate (0.014 
uM Oz per second) to successive treatments with glucose, dicouma- 
rol, and Amytal. Glucose addition induces rapid respiration 
(0.95 um O» per second) followed by almost complete inhibition 
(0.02 um Os per second) which is partly relieved by dicoumarol. 
Amytal effectively blocks respiration and electron transfer via 
DPN-linked substrates. Washed cells (~170 mg. wet weight per 
ec.), freshly withdrawn from mouse, are diluted in saline phos- 
phate medium, 26°. (635c). 
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Fic. 3. A quantitative analysis of the kinetics of respiratory 
inhibition recorded in Fig. 1 of (14), which is recorded at the top 
of the graph with its time and concentration scales. Tangents 
taken from the curve of respiration against time are plotted 
against the change of oxygen concentration above the point at 
which the respiratory rate is substantially zero. (498b). 
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Fig. 4. Comparison of the effects of a single addition of excess 
glucose (left) and serial additions of glucose (right) upon respira- 
tory acceleration and inhibition in an ascites tumor cell suspen- 
sion. Total oxygen utilized in the two experiments is approxi- 
mately equal (40 and 38 uM, respectively). Washed cells (~20 
mg. wet weight per cc.) are diluted in saline phosphate me- 
dium, 26°. (677a). 


of glucose is only 120 um. As indicated above, the scarcely 
measurable stimulation is to be expected, but the severe inhibi- 
tion observed after 15 um O2 has been consumed is comparable 
to that obtained with higher glucose concentrations. In this 
experiment, respiration can be restarted by a second addition 
of glucose (4 mm) and continues until the total oxygen uptake 
by the two separate glucose additions is approximately equal 
(38 um) to that obtained with the single larger glucose addition 
Fig. 4 (left). The significance of this is discussed below. 

Effect of Todoacetate—In order to localize the site in the meta- 
bolic sequence from which substances causing respiratory stimu- 
lation might be generated, we have pretreated the ascites cell sus- 
pension with iodoacetate and observed the effect of glucose on 
respiration (Fig. 5, left). The concentration of iodoacetate was 
chosen on the basis of spectroscopic monitoring which showed 
that 1.6 mM iodoacetate causes nearly complete decomposition of 
the glyceraldehyde 3-phosphate dehydrogenase-diphosphopyri- 
dine nucleotide compound as assayed by its absorption at 365 


= 














4mM 
glucose 


i) 
° 


Oxygen 


concentration 


4mM 
glucose 







? 


[lodoacetate] (mM) =|6=— =O 

Fic. 5. Platinum microelectrode recordings comparing glucose 
activation and inhibition of respiration in an ascites tumor cell 
suspension pretreated with 1.6 mm iodoacetate (left) and in an un- 
treated suspension (right). After a period of relatively rapid 
endogenous respiration (cf. Fig. 2), 4 mm glucose is added and 
the respiratory activity is followed until the inhibition has set in 
and the trace becomes horizontal. Independent calibrations (zero 
on the scale) show that anaerobiosis is not the cause of the inhibi- 
tion. Washed cells (~50 mg. wet weight per cc.), saline phos- 
phate medium, 26°. (675f). 
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my (23, 24). As seen in Fig. 5, respiratory stimulation and in- 
hibition occur both in the presence and the absence of iodoace- 
tate.‘ There is, however, a distinct quantitative difference in 
the amount of oxygen taken up before respiratory inhibition is 
obtained. . The ratio of the two amounts is 1.8:1 on the basis of 
several experiments, the larger amount of oxygen being consumed 
in the iodoacetate-treated suspension. This is a significant result 
since it shows that the acceleration of respiration after glucose 
addition does not depend on the formation of a substrate for the 
respiratory chain. Furthermore, it indicates that phosphoryla- 
tion of ADP by the glycolytic system is not necessary for the 
slowing of respiration. 


DISCUSSION 


Measurements of the kinetics of oxygen utilization upon glu- 
cose addition to ascites tumor cells reveal several significant fea- 
tures of the mechanism of respiratory acceleration and decelera- 
tion and of intracellular metabolic control. The respiratory rate 
initially increases from 2- to 10-fold, in accord with other studies 
of the relative activities of isolated mitochondria and intact cells 
(25), suggesting that glucose momentarily supplies the mito- 
chondria with either substrate or phosphate acceptor, whichever 
is rate limiting in the aerobic metabolism of the cells freshly 
withdrawn from the mouse. Spectroscopic and other studies in- 
dicate that it is not substrate but ADP that is supplied to the 
mitochondria by glucose addition (14). 

About a minute after glucose addition, an abrupt deceleration 
of respiration occurs: even a 10-fold inhibition is not unusual. 
The extremely high ratio between the active and inhibited states 
of respiration can be explained in terms of the excellent respira- 
tory control exerted by phosphate acceptor over electron transfer 
in the mitochondria of the intact cell. In skeletal muscle, it is 
generally accepted that the transition from rest to activity can 
involve more than a 10-fold increase of respiratory rate, and a 
comparable control ratio can be observed in the ascites tumor cell. 
Although mitochondria isolated from liver, kidney, and muscle 
show similarly high respiratory control ratios, mitochondria iso- 
lated from the ascites cell have thus far failed to show as high a 
ratio as the intact cell. However, higher values can probably be 
obtained with more nearly intact preparations. 

The fact that half-maximal respiratory inhibition takes place 
with a change of oxygen concentration of only 5.2 wm for the 
conditions of Fig. 3 suggests the same phenomenon that occurs 
when ADP added to a suspension of isolated mitochondria is ex- 
hausted (19). A quantitative analysis of this effect has been 
carried out for liver mitochondria in which a change of oxygen 
concentration of 7.5 uM Ozis observed. The similarity of the val- 
ues suggests the same phenomenon; the expenditure of ADP. 
The alternative hypothesis, that in the ascites cell phosphate or 
substrate is being exhausted, cannot be completely ruled out by 
the experiment of Fig. 3, although the 50-fold greater K,, of mito- 
chondria for inorganic phosphate would probably lead to a much 
greater curvature of the trace of Fig. 3 (19, 26). However, a 
definitive conclusion in favor of ADP control of the deceleration 


4 This experiment is somewhat more direct than a similar one 
reported by Racker (31) in which respiration of the iodoacetate- 
treated cells was measured over a period of 30 minutes. The re- 
spiratory inhibition observed during the longer interval could 
have been a result of either the glucose effect or depletion of sub- 
strate at the mitochondria. In our experiment, considerably less 
time elapses after iodoacetate treatment and such inhibition by 
lack of substrate is very unlikely. 
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of respiration cannot be reached on this basis, since the relevant 
concentration is that at the mitochondria (the “active” concen- 
tration (27-29)), and not the concentration averaged over the 
whole cell. On the other hand, the deceleration of respiration 
caused by low glucose concentrations appears to point to ADP as 
the controlling substance, as is discussed below. In addition, 
spectroscopic observations of the large amount of reduced pyri- 
dine nucleotide present under these circumstances suggest that 
the substrate concentration is not rate limiting. Glyceraldehyde 
3-phosphate dehydrogenase can be blocked by iodoacetate treat- 
ment, causing an inhibition of ADP utilization by the two steps of 
glycolytic phosphorylations. The fact that the deceleration of 
respiration after glucose addition takes place in the presence of an 
excess of iodoacetate shows that utilization of phosphate or phos- 
phate acceptor at these steps is not the cause of the respiratory 
inhibition. There is, however, evidence that these glycolytic 
enzymes may phosphorylate ADP during the accelerated phase 
of glucose metabolism. This is based upon the fact that oxygen 
uptake in the presence of sufficient iodoacetate to inhibit phos- 
phorylation by these enzymes is about double that observed in 
the absence of iodoacetate, indicating that, at high glucose con- 
centrations, about half of the ADP is phosphorylated by these 
enzymes and the other half by the mitochondria. Actually, this 
may be a considerable overestimate of the extent of phosphoryla- 
tion in the glycolytic sequence since iodoacetate may also have 
an adverse effect, such as partial uncoupling, upon phosphoryla- 
tion in the mitochondria. At best, the result indicates that phos- 
phorylation during the activated phase of respiration with high 
glucose concentrations is not confined to the mitochondria (30). 

The amount of oxygen used during the accelerated phase of 
respiration is a constant for a given cell suspension, and is not 
dependent on the number of glucose additions. The addition of 
a small amount of glucose followed by an excess causes the same 
total utilization of oxygen before inhibition is obtained as does a 
single large addition. This suggests that an intracellular reser- 
voir of the tumor cell is being depleted of an activating material 
and provides the cause of the respiratory inhibition (14, 25). 

The fact that oxygen uptake with small serial additions of glu- 
cose does not exceed the uptake with a single addition of excess 
glucose makes it clear that ATP utilization in the inhibited phase 
of respiration is not appreciable; if it were, extra oxygen would 
be required for the serial additions. 

The abrupt deceleration of respiration upon the addition of a 
small amount of glucose and its rapid restarting upon a second 
addition of glucose indicates that the small amounts are con- 
sumed almost stoichiometrically. It appears, therefore, that this 
constitutes a method for determining the over-all glucose-oxygen 
stoichiometry, detailed studies of which are reported elsewhere 
(30). 

Although it is not surprising for small amounts of glucose to 
be consumed nearly stoichiometrically, it is surprising that the 
endogenous respiration is thereby limited (see Fig. 4) to almost 
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the same extent as by the larger glucose addition. An explana- 
tion of this effect may be found in terms of a theory described 
previously (13, 28, 29): the acceleration of respiration upon glu- 
cose addition is a result of increased ATP breakdown by the glu- 
cose phosphorylating enzymes; the ADP level rises above that 
provided by endogenous processes, and consequently respiration 
accelerates. In order to explain respiratory inhibition by low 
glucose concentrations we propose that the utilization of a small 
portion of the ATP store of the cell by an addition of a small 
amount of glucose inhibits the endogenous breakdown of ATP, 
as evidenced by the deceleration of respiration. A possible ex- 
planation is that the endogenous processes of these cells have a 
low affinity for ATP and are able to utilize this substance only 
when it is near its maximum concentration. 

The discovery that the inhibition of respiration caused by the 
addition of a low concentration of glucose can be reversed by a 
further addition leads to the conclusion that the substance de- 
pleted following the first addition is replenished by the second. 
In other experiments, the substance provided by glucose addition 
is shown to be ADP! (14). It follows that the substance depleted 
upon utilization of the first addition of glucose is also ADP and 
that a lack of ADP causes the respiratory inhibition. The sig- 
nificance of this finding and its relevance to general theories on 
the control of metabolism are given in later papers (14, 28). 


SUMMARY 


Ascites tumor cells show a considerable inhibition of respira- 
tory activity 1 or 2 minutes after glucose addition, a phenomenon 
which differs somewhat from the Crabtree effect in intensity and 
duration. Two types of inhibition can be observed, depending 
upon whether the glucose concentration is greater or less than 
the intracellular store of adenosine triphosphate. Preceding the 
inhibition is an activated phase of respiration in which the en- 
dogenous rate may be increased several fold. The ratio of this 
accelerated rate to the inhibited rate often exceeds 10-fold. A\l- 
though the inhibition caused by the addition of large concentra- 
tions of glucose can not be reversed by further additions of glu- 
cose, the inhibition caused by addition of approximately 100 um 
glucose is readily reversed by another addition of glucose. Since 
these phenomena can be observed in the presence of an iodoace- 
tate-inhibited glycolytic system, it is apparent that an interaction 
of the glucose-phosphorylating enzymes and the respiratory proc- 
ess of the mitochondria is involved. In all probability, adenosine 
diphosphate produced in the glucose phosphorylation is respon- 
sible for the activation of mitochondrial electron transfer and 
the reverse process occurs during the inhibited phase of oxygen 
metabolism. Quantitative estimates of the change of oxygen 
concentration in the transition from the maximally activated re- 
spiratory rate to the inhibited rate are consistent with the 
change of adenosine diphosphate concentration that would be 
expected to cause the observed change of respiratory rate in 
isolated mitochondria. 
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In studies of electron transfer in ascites tumor cells (1), we 
have shown that the turnover number of cytochromes in the mito- 
chondria of the intact cell is less than one-third of that to be 
expected for a cytochrome chain fully activated by substrate, 
phosphate, and phosphate acceptor. However, kinetic studies 
of aerobic ascites tumor cell suspensions (2) reveal a sudden, 
large acceleration of respiration immediately after glucose addi- 
tion, in contrast to the long-term decrease of respiration first ob- 
vrved by Crabtreee (3). Similar studies of mitochondria iso- 
lated from the cell show that they exhibit a characteristic ac- 
celeration of respiration and a characteristic oxidation of the 
omponents of the respiratory chain after the addition of ade- 
nosine diphosphate (4). The purpose of this paper is to evaluate 
spectroscopic data on the effect of glucose addition upon the 
steady state oxidation-reduction level of the cytochromes of in- 
tact ascites cells and, by comparing these results with those for 
isolated mitochondria, to determine the cause of the increased 
respiration. Some light is also shed on the mechanisms of meta- 
bolic control involved in the accelerated and inhibited phases of 
glucose and oxygen metabolism. 


EXPERIMENTAL 


Methods and preparation procedures are described elsewhere 
1, 2, 4, 5). 

In the spectroscopic experiments, an oxidation of reduced pyr- 
idine nucleotide was often observed for a minute or two after 
lilution of the chilled cell suspension in the saline phosphate 
slution (26°). A portion of this effect may be caused by an 
anaerobie-aerobic transition since the relatively concentrated 
suspension (~10* cells per mm.*) would probably be anaerobic. 
There also may be changes in the concentration of electrolytes 
6). However, the spectroscopic effects of glucose are recorded 
after this initial change of steady states has proceeded essentially 
to completion. 


RESULTS 
Response of Cytochrome b—Fig. 1 compares the absorbancy 
thanges of cytochrome b and the accompanying changes in re- 
spiratory rate (7) of the ascites cell suspension in response to 
glucose. Starting at the left, the cells are initially in an aerobic 
steady state and are supplied with endogenous substrate (prob- 


* This research has been supported in part by grants from the 
American Cancer Society and the Deutsche Forschungsgemein- 
schaft. 


24 





ably due to the accumulation of lactic acid'). The addition 
of 20 mM glucose causes a momentary displacement of the trace, 
followed immediately by a rapid upward deflection, a conse- 
quence of decreased absorbancy at 430 mu measured with respect 
to 405 my. The system remains in a steady state for 10 to 20 
seconds, after which both the respiratory and spectroscopic effects 
diminish. After a total of 50 seconds has elapsed, cytochrome b 
is somewhat more reduced than before the addition of glucose, 
and respiration is considerably slowed. The rapid phase of res- 
piration and the more oxidized state of cytochrome b are char- 
acteristic of State 3 of isolated mitochondria where adequate 
supplies of substrate and phosphate acceptor are present. The 
inhibited phase of respiration and the more reduced state of cyto- 
chrome b are characteristic of State 4 in isolated mitochondria 
which have been supplied with substrate but which lack phos- 
phate or phosphate acceptor (8). 

The spectroscopic and respiratory responses to glucose addition 
will vary somewhat depending upon the history of the prepara- 
tion; it is often useful to treat the cells with a small concentration 
of glucose that is exhausted before the addition of a higher con- 
centration. The oxidation of cytochrome b upon glucose addi- 
tion has been observed at 12°, but at 42-45°, the oxidation is not 
observed; only a reduction can be recorded. 

A comparison of the responses of cytochrome b (562-575 my) 
and cytochrome c (551-540 my) is illustrated in Fig. 2. (The 
visible rather than the Soret band is used to achieve a clearer 
recording of cytochrome c.) The results for cytochrome b sup- 
port the data given in Fig. 1: glucose addition causes an upward 
deflection of the trace, corresponding to an oxidation of cyto- 
chrome b (the steady state here appears of short duration because 
of the compressed time scale). The changes in the level of cyto- 
chrome b are reversible and disappear completely soon after the 
addition of glucose. For cytochrome c, glucose addition also 
causes an abrupt upward deflection corresponding to an oxida- 
tion. Contrary to the results for cytochrome b, this deflection 
does not subside, but continues to increase until a plateau is 
reached after about 3 minutes. 

The spectrum in Fig. 3 represents the difference between the 
cells before and after treatment with glucose at a time corre- 
sponding to the plateau of the right hand portion of Fig. 2. The 
absorption bands of cytochrome c are readily identifiable, a de 
crease of absorbancy being plotted as an upward deflection; at 
the time this record was taken, the oxidation of cytochrome b had 


1B. Hess and B. Chance, in preparation. 
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Fig. 1. Comparison of the kinetics of the glucose effect on cyto- 
chrome b and on oxygen utilization in an ascites tumor cell sus- 
pension. The absorbancy decrease caused by cytochrome b oxida- 
tion is recorded as an upward deflection of the spectrophotometric 
trace; the sensitivity is indicated by the calibration. The de- 
crease of oxygen concentration is recorded as a downward deflec- 
tion of the platinum microelectrode trace; the rates of oxygen 
utilization are given in wmoles per liter per second (um Oz per 


second). Washed cells (~10° per mm.*), saline phosphate solu- 
tion (see Paper I (1)), 26°, endogenous substrate. (498b). 
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Fia. 2. Spectrophotometric recordings on a slow time scale of 
the kinetics of cytochromes 6 and c in response to 10 mm glucose. 
Time proceeds from left to right. As in Fig. 1, the cells are ini- 
tially respiring with endogenous substrate, and an oxidation is 
indicated by an upward deflection of the trace. Cytochrome 6 
undergoes a cyclic oxidation-reduction; the oxidation of cyto- 
chrome c is not reversed. Washed cells ( (~2 X 10° per mm.*), 
saline phosphate solution, 26°. (647e). 





551-540 my 
Cytochrome c 


subsided, again indicating a reversible oxidation-reduction cycle 
for this component but an “irreversible” increase in the oxidation 
of cytochrome c. 

Combined Responses of Cytochromes b and c—The results illus- 
trated in Figs. 1 to 3 can now be applied to an analysis of the 
complicated spectral changes observed in the region 390-460 
my during the first few minutes after glucose addition to a sus- 
pension of ascites tumor cells. With the split-beam spectro- 
photometer, scanning over a small wave length interval, it is 
possible to obtain spectra representing the difference between 
cells treated with glucose (State 3) and cells respiring on an en- 
dogenous substrate (State 1), even though State 3 is stable for 
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Fic. 3. Difference spectrum for cells metabolizing endogenous 
substrate and cells 2 minutes after glucose addition. Decreases 
of absorbancy are plotted as upward deflections. The oxidation 
of cytochrome c is shown by the peaks at wave lengths appropriate 
to its a- and y-bands. Cells (3 X 104 per mm. 7 treated twice by 
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Fig. 4. Difference spectra for ascites tumor cell suspensions in 
three states. Curve A: Difference of absorbancy for cells metab- 
olizing endogenous substrate and those 30 seconds after addition 
of 20 mm glucose (State 1-3). Combined Soret bands of cyto- 
chromes b andc. Washed cells (~10* per mm.’), saline phosphate 
solution, 26°. Curve B: The same cell suspensions 2 minutes after 
glucose addition (State 1-4). Absorption due to cytochrome c. 
Curve C: Difference between a suspension at 2 minutes and at 30 
seconds after glucose addition (State 4-3). Absorption due to cy- 
tochrome 6. (653a-1). 


only about half a minute. Such a difference spectrum is repre- 
sented in Fig. 4, Curve A (State 1-3). As in Fig. 3, the absorb- 
ancy decreases are plotted as upward deflections so that the ab- 
sorption band of the reduced forms of the cytochromes will be 
recognizable as absorption peaks. The broad band in the region 
of 416-430 my represents the disappearance of the Soret bands 
of cytochromes 6 and ¢ because of oxidation of their reduced 
forms. Curve B, recorded 2 minutes after the addition of glucose, 
shows further oxidation of cytochrome c, as indicated by the 
shift of the peak of the absorption band to a shorter wave length. 
The absorption at 430 my has largely disappeared, since the 
oxidation-reduction cycle for cytochrome b is nearly complete at 
this time. 








Septen 


In C1 
chrome 
nent un 
3). Th 
in State 
State 3. 

Effect 
(2) show 
by the « 
as an ul 
cose-inh 
appeara 
dicates | 
of the | 
cytochr 
special 1 
b are ne 
for som 
effect: 01 

Respe 
nucleoti 
reaction 
genase | 
pending 
An unu 
which t 
sorbane 
spondin 
oxidatic 
respirat 
conside: 
olizing « 
tide is t 
the sar 
to main 
state be 
additioz 

lodos 
drogens 
mitoch« 
which « 
control 
an abr 
tion, al 
been tr 
causes 
with th 
flection 
as the i 

Quan 
Reducti 
reductic 
magnit 
compor 
mining 
tion is 
to the | 
cessive 
oxidatic 


2 uM. 








(em!) 


a 
Optical Density Increment 


ous 
ises 
ion 
ate 
» by 


or 4 


is in 
tab- 
‘tion 
yto- 
hate 
after 
1e ¢. 
it, 30 
0 cy- 


-pre- 
sorb- 
2 ab- 
ll be 
gion 
lands 
luced 
108e, 


gth. 
the 


p at 








September 1959 


In Curve C, cytochrome b is recorded independently of cyto- 
chrome c and is identified by the peak at 430 my as the compo- 
nent undergoing a reversible oxidation-reduction cycle (cf. Fig. 
3). The spectrum here represents the difference between cells 
in State 4 (a few minutes after glucose addition) and those in 
State 3. 

Effect of Dicowmarol—Kinetic studies of respiratory activity 
(2) show that the inhibited state of glucose metabolism is relieved 
by the addition of a low concentration of dicoumarol which acts 
as an uncoupling agent. Fig. 5 illustrates the response of a glu- 
cose-inhibited cell suspension to 25 um? dicoumarol. The dis- 
appearance of the clear a-bands of cytochromes 6 and c in- 
dicates greater oxidation in the steady state. The disappearance 
of the large peak at 430 my is caused by the predominance of 
cytochrome b over cytochrome c in this region. In this case, no 
special techniques for rapidly recording the effect on cytochrome 
bare needed, since dicoumarol continues to activate the system 
for some time. The addition of dibromophenol has a similar 
effect on cytochromes b and c. 

Response of Pyridine Nucleotide—The response of pyridine 
nucleotide to glucose addition is caused by at least two opposing 
reactions, a reduction at glyceraldehyde 3-phosphate dehydro- 
genase and an oxidation at the mitochondria, the net result de- 
pending on the initial state of the cell before glucose addition. 
An unusually clear response of this type is shown in Fig. 6A in 
which the addition of glucose causes an abrupt decrease of ab- 
sorbancy at 340 my measured with respect to 386 muy, corre- 
sponding to an oxidation of reduced pyridine nucleotide. This 
oxidation is, however, transient, and, as the inhibited phase of 
respiratory activity is established, the reduction proceeds to a 
considerably greater extent than that obtained with cells metab- 
olizing endogenous substrate. The oxidation of pyridine nucleo- 
tide is typical of isolated mitochondria; cell suspensions showing 
the same type of response probably contain sufficient pyruvate 
to maintain the mitochondrial pyridine nucleotide in a reduced 
state before glucose addition and thus its oxidation upon glucose 
addition can then be demonstrated. 

Iodoacetate inhibition of glyceraldehyde 3-phosphate dehy- 
drogenase also permits observation of the oxidation of intra- 
mitochondrial pyridine nucleotide upon glucose addition in cells 
which do not otherwise show this response. In Fig. 6B, the 
control experiment (left) shows that glucose addition causes 
an abrupt reduction of pyridine nucleotide, a small oxida- 
tion, and then an increased reduction. After the cells have 
been treated with 0.8 mm iodoacetate (right) glucose addition 
causes an oxidation of reduced pyridine nucleotide associated 
with the mitochondria, as is clearly indicated by the upward de- 
flection of the trace during the active phase and its subsidence 
as the inhibition sets in. 

Quantitative Estimates of Changes in Steady State Oxidation- 
Reduction Level—Figs. 1 to 6 indicate changes in the oxidation- 
reduction levels of the components, but do not indicate their 
magnitude with respect to the total amount of the respiratory 
components present. Fig. 7 illustrates the technique of deter- 
mining this for cytochrome 6 (9). Its response to glucose addi- 
tion is indicated by the rise and fall of the trace corresponding 
to the activated and the inhibited state, respectively. By suc- 
cessive additions of Amytal, the possible extent of cytochrome b 
oxidation is assayed. Subsequent addition of antimycin A causes 


? uMoles per liter. 

















B. Chance and B. Hess 2423 
a 
~ -0010 
; Py $ 
E anna t 
S-90081 @§@f\ © £7 0,0025 E 
£ \ Cn be ® 
Zz 0 ——jpo + 
€ Effect of dicoumarol (25yM) a 
= © 

+ Ma v ———— 
5 0.005 "350 410 430 450 470 530 550 570 590 ma 
a aA(my) = 
” é 


Fic. 5. Spectrum representing the difference between two as- 
cites tumor cell suspensions, both treated with glucose for about 
2 minutes, after which one is treated with dicoumarol. The 
combined absorption band of cytochromes c and b diminishes in 
the Soret region and the separated bands of cytochromes b and c 
diminish in the visible region. Cells (3 X 10‘ per mm.*) treated 













twice by differential lysis; saline phosphate solution, 25°. 
(485b). 
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Fig. 6. Responses of reduced pyridine nucleotide to glucose. 
A: An oxidation of what is probably mitochondrial pyridine nu- 
cleotide (State 3) in response to 20 mm glucose, followed by a 


reduction (State 4). An upward deflection corresponds to de- 
creased absorbancy at 340 mu measured with respect to 386 mu. 
Cells (~104 per mm.*) washed four times; modified saline phos- 
phate solution containing 10 mM tris(hydroxymethy])aminometh- 
ane buffer. pH 7.4, 26°. (489b-2). 

B: Left, an abrupt reduction of what is probably cytoplasmic 
pyridine nucleotide in response to 4 mM glucose, followed by an 
oxidation of what is probably mitochondrial material. An in- 
creased reduction follows. Right, in the presence of 0.8 mm iodo- 
acetate, the same concentration of glucose elicits only an oxida- 
tion-reduction cycle of what is probably mitochondrial pyridine 
nucleotide. The points at which the independently measured 
respiratory rates show inhibition are indicated. Conditions as in 
6A. (675f). 


complete reduction of cytochrome b: cells in the endogenous 
state are labeled 1; those in the state of activated respiration, 3; 
and those in the inhibited state, 4. Titration with Amytal oxi- 
dizes cytochrome b to a level corresponding to State 2. State 5, 
usually obtained by anaerobiosis, is here obtained by antimycin 
A treatment which is preferable for measurements of the Soret 
band of cytochrome b. 

Response of Flavoprotein—Flavoprotein is usually difficult to 
observe and the addition of glucose to the ascites tumor cell sus- 
pension gives a small downward deflection of the trace (Fig. 8) 
which considerably exceeds the instrumental error in the record- 
ing and in addition follows a time course consistent with the 
larger deflections observed at other wave lengths. Thus the de- 
flection is interpreted as an oxidation of the steady state level of 
flavoprotein (State 3). After about a minute, there is a large 
reduction of flavoprotein (Fig. 8). This oxidation-reduction 
cycle is similar to that of cytochrome b. Oxidation, recorded by 
a downward deflection of the trace, corresponds to increased 
absorption at 465 mu, measured with respect to 510 my. After 
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Fia. 7. A determination of the steady state oxidation-reduction 
level of cytochrome b during the glucose cycle by reference to the 
Amytal-treated level (State 2) and the antimycin A-treated level 
10° cells per mm.*, saline phosphate solution, 26°. 
(634a). 
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Fic. 8. Determination of the oxidation-reduction level of flavo- 
protein during the glucose cycle by reference to the Amytal- 
treated level (State 2) and the dithionite-treated level (State 5’). 
Washed cells (0.3 X 10° per mm.*), saline phosphate solution, 26°. 
(635a-6). 
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[Glucose] mM 
Fia. 9. Glucose concentration required for maximal spectro- 
scopic effect of cytochrome b in the State 1 to 3 transition. 


Washed cells (6.3 X 104 per mm.°), 2.5 cc. volume, saline phosphate 
solution, 12°. (491). 


the glucose cycle has terminated, titration with Amytal (0.8 mm) 
causes oxidation of the steady state of flavoprotein; with 3.2 mm 
Amytal, nearly complete oxidation is achieved. The addition of 
dithionite causes a marked reduction and a consequent decrease 
of absorption (State 5’). Similar procedures have been used to 
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evaluate the steady states of the other cytochrome components 
of the respiratory chain, although for cytochromes c and a, State 
5 may be obtained by anaerobiosis or by the addition of cyanide 
or azide. 

The glucose concentration required to cause maximal spectro- 
scopic effects is small, as suggested by the studies of oxygen 
utilization (2). Fig. 9 represents a titration of the State 1 to 3 
transition for cytochrome b. Half-maximal effect is obtained 
with ~0.1 mm glucose. This study was carried out at 12°, and 
the glucose affinity is lower at 26°. 

Summary of Steady State Changes—Tables I and II summarize 
in two ways the effects of glucose and uncoupling agents upon the 
steady states of respiratory enzymes in the ascites tumor cell in 
the presence and absence of azide (10). In Table I, the steady 
state changes are given in terms of the percentage reduction of 
the cytochrome components in States 1,3,and 4. Table II sum- 
marizes the results in a form indicating the location of crossover 
points, denoted as minus-plus transitions (11) in the sequence of 
electron transfer from substrate to oxygen. 

As stated above, an oxidation of pyridine nucleotide in the 
State 1 to 3 transition (minus, Row 1 of Table IT) and a reduction 
in the State 3 to 4 transition (minus, Row 3) can be obtained if 
the cells are pretreated with iodoacetate to minimize the partici- 
pation of cytoplasmic pyridine nucleotide in the spectroscopic 
change. Likewise, the cyclic response of flavoprotein, (as illus- 
trated by Fig. 8), gives minus signs in both the State 1 to 3 (Row 
1) and State 3 to 4 transitions (Row 3). The percentage changes 
involved in these transitions are given in the first row of Table I. 

The most characteristic response of the cytochromes of the 
ascites tumor cell to glucose addition is an oxidation of cyto- 
chrome 6 in the State 1 to 3 transition (minus, Row 1) (which 
persists even in the presence of sufficient azide to cause reduction 
of cytochromes c and a (Row 2)) and its subsequent reduction in 
the State 3 to 4 transition (minus, Rows 3, 4, and 6). Typical 
values for the percentage change in the b component for three 
cell suspensions are given in Table I. The high percentage of 
reduction attainable in State 4 (55 to 80 per cent) is related to 
the high degree of respiratory control in these tumor cells. 

Cytochrome c (+ c) gives a consistent increase in oxidation 
(minus) on addition of glucose (State 1 to 3, Row 1) or of di- 
coumarol (State 4 to 3, Row 7) to the untreated cells; a cross- 
over point can therefore lie on the oxygen side of cytochrome c. 
Comparing the values for the percentage change involved in the 
State 1 to 3 transition (Table I, Row 4), it is seen that cyto- 
chrome c is more highly oxidized than cytochrome b. If the cell 
suspension is pretreated with sodium azide, the oxidation of cyto- 
chrome c caused by the addition of glucose becomes a reduction. 
In Fig. 10B the steady state reduction of cytochrome c is con- 
siderably increased by the addition of 400 um azide. Immedi- 
ately thereafter, the addition of 10 mm glucose increases the 
downward deflection of the trace, indicating a further reduction 
of cytochrome c in the State 1 to 3 transition (plus; Table II, 
Row 2). After about a minute (note slower time seale) an oxida- 
tion of cytochrome c occurs in the State 3 to 4 transition (plus, 
Row 6). The addition of 2,4-dinitrophenol reactivates respira- 
tion in a State 4 to 3 transition and causes an increased reduction 
of cytochrome c as indicated by the downward deflection of the 
trace (plus, Row 8). 


The percentage changes of cytochrome c in 
the azide-treated cells are summarized in the third row of Table 
I; the method by which they are obtained (azide and Amytal 
treatment) is shown by the right-hand portion of the trace of 
Fig. 10B 
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TABLE I 


Steady state changes in respiratory components 


Percentage reduction 


Row ae Experiment |Component| —— = ~ 
State 1 State 3 State 4 
ba 24 15 79 
l 10 638b fp 12 10 (~50)* 
ba 55T 29 55 
) ~5 647e Ca 24 20 13 
Ca 39 43 24 
3 Nt 647e aa 16 23 16 
da 21 16 30 
4 5 642 Ca 28 21 28 
by 55 52 80 


* Reduction, 37 per cent by dithionite value for State 5’, cor- 
rected to 50 per cent for smaller antimycin A reduction of flavo- 
yrotein. 

+ Taken to be the same as Experiment 642. 

t Azide, 0.4 and 0.8 mu, as inhibitor. 


A crossover point between cytochrome 6 and c¢ in the State 
}to 4 transition (cf. Fig. 2) is tabulated in Table I, Row 2 and 
in Table I1, Row 4. The response of cytochrome c of the un- 
treated cells is, however, not invariable, since it probably de- 
pnds upon the metabolic state of the cells. The data of the 
last row of Table I record a situation in which the oxidation- 
reduction changes of cytochrome c in the State 1 to 3 and 3 to 
{transitions are similar to those of cytochrome 6; thus in this 
xperiment, no crossover point is indicated between cytochromes 
band c in Table II (Rows 1 and 3). However, as explained in 
letail elsewhere, the crossover theorem identifies an interaction 


TABLE 


Crossover point fo 


Transition Row RPN — fp 
3 1 si - 
1+ 3 2 
(0.8 mM azide) 
3 - - 
I> 4 4 
5 
i+ 4 6 
(azide) 
1+ 3 7 
(25 um dicoumarol) 
{+3 8 


(0.8 mm azide + 40-80 um DNPf) 
* Designation of changes: 
Transition 


oo 
3— 
4 


> 


a 


woh w 


{—,+ combination indicates an intéraction site. RPN represen 


t Numbers in parentheses refer to experiments. 
t 2,4-Dinitrophenol. 





Oxidation 
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glucose 
= 4mM 
-Azide 
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educed 
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Amytal 


Cytochrome a Cytochrome c 
reduction + reduction ¥ 


A B 
Fic. 10. Cyclic responses of cytochromes a and c¢ in azide- 
treated cell suspensions. The concentrations added, the wave 
lengths, and the sensitivity factors are indicated on the figure; 
note slower time scale. Cell mass (wet weight), ~20 mg.; 2.5 ec. 
volume; saline phosphate medium; 26°. (647e). 


site wherever the crossover point is observed; failure to observe 
a crossover point does not disprove the existence of the interac- 
tion site (11). 

Further crossover data are afforded by the above mentioned 
reduction of cytochrome ec which occurs in azide-treated cells to 
which glucose is added to give the State 1 to 3 transition (plus; 
Row 2 of Table II and Row 3 of Table I) or 2,4-dinitrophenol is 
added to give the State 4 to 3 transition (plus, Row 8). Obser- 
vations of cytochrome b under the same conditions show it to 
give a response identified by a minus sign in these transitions 


p I 
r glucose effect* 


+~ b+ cec¢+a—- a — ar On Reference 


Table I (642)t 


is de abe Table I (647e) 
} 
pas _ - Table I (642) 
si + Fig. 2 (647e) 
= 4 (678e) 
‘ai ah. of. Table I (647e) 


Fig. 10 (647e) 


Reduction 


+ 


4 


ts reduced pyridine nucleotide and fp, flavoprotein. 
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(Rows 2, 6, and 8). These responses confirm the crossover point 
between cytochromes b and ¢ + ci. 

Cytochrome a of untreated cells may show a cyclic response 
similar to that of cytochromes b and c, as indicated by the minus 
signs in the State 1 to 3 (Table II, Row 1) and 3 to 4 transitions 
(Row 3). In another experiment, no change of cytochrome a 
could be observed in the State 1 to 3 transition (not recorded) 
although in the State 3 to 4 transition (Table II, Row 5) cyto- 
chrome a was further oxidized (plus) and cytochrome c was fur- 
ther reduced (minus). This suggests that the cytochrome c-a 
interaction site, characteristic of isolated mitochondria, is also 
observed in the intact ascites tumor cell. 

Azide treatment of the ascites tumor cells (Fig. 10A) causes 
increasing reduction of the cytochrome a component and the 
subsequent addition of 10 mm glucose causes a characteristic 
cycle of reduction and oxidation (downward deflection of the 
trace). Addition of 2,4-dinitrophenol causes greater reduction 
of cytochrome a. These responses do not elaborate the informa- 
tion above on the cytochrome c-a crossover point. However, 
the failure to observe the crossover point does not rule against 
it. 

In summary, in the intact cell we find two of the three cross- 
over points characteristic of isolated liver and ascites mitochon- 
dria (4, 10). In addition, the shift of the crossover point with 
azide treatment is also characteristic of the isolated mitochondria 
(10). 

Observations of cytochrome a; are complicated by its small 
steady state changes and by the interference of the large changes 
in absorption due to flavoprotein, and therefore are not usually 
attempted. A light-scattering change that accompanies the ad- 
dition of glucose to these cells (12) could interfere with precise 
measurements of the steady state changes. The double-beam 
spectrophotometer is expressly used for the purpose of rejecting 
such nonspecific effects and of accepting those characteristic of 
the cytochrome bands. Also, the greater rapidity of the State 
1 to 3 transition over that of the nonspecific change suggests that 
negligible interference could have occurred during this transition. 
However, it is possible that some measurements of the State 3 to 
4 transition may have been affected by the slow light-scattering 
change and the cytochrome c-a crossover point is less firmly es- 
tablished for this reason (although the wavelengths 605-590 my 
were used in this experiment to minimize the scattering effect). 
The use of the azide-treated cells is advantageous, and we have 
been able to identify the cytochrome b-c crossover point under 
conditions where the absorbancy changes are sufficiently large 
that light-scattering effects are negligible. Last, the State 4 to 
3 transition caused by uncoupling agents avoids the light-scat- 
tering effect completely. Thus we consider the cytochrome b-c 
crossover point to be firmly established. Use of the “frozen 
steady state” (13) for examination of these metabolic states 
offers new possibilities for confirming the data presented here. 


DISCUSSION 


It is apparent from these records that the steady states of the 
respiratory components of ascites tumor cells are affected by glu- 
cose addition. The first transition is from the endogenous state, 
1, to an active state, 3, caused by glucose addition. In this 
transition we find an oxidation of flavoprotein, cytochrome }, 
cytochrome c, and, in some experiments, cytochrome a. The 
addition of glucose also causes an oxidation of reduced pyridine 
nucleotide in the mitochondria, although this effect may be 
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masked by a simultaneous reduction of pyridine nucleotide 
caused by glyceraldehyde 3-phosphate dehydrogenase. This 
“activity” response is very similar to that caused by the addition 
of ADP to mitochondria isolated from the ascites tumor cell and 
can be considered a specific intracellular response to phosphate 
or phosphate acceptor. The fact that the predominant change 
of the respiratory carriers is in the direction of oxidation demon- 
strates that an increase of substrate concentration is not respon- 
sible for the increase of respiratory activity after the addition of 
glucose. The fact that the activated respiration is obtained with 
iodoacetate-inhibited cells also supports the possibility that in- 
creased substrate concentration is not an important factor and 
further suggests that the phosphorylating reactions between glu- 
cose and glyceraldehyde 3-phosphate are responsible for the 
substance which stimulates respiration. ADP is the only prod- 
uct of these reactions that can cause respiratory stimulation 
upon glucose addition. Sufficient reduced pyridine nucleotide 
is already present, and an increase of its concentration due to the 
activity of the pentose-phosphate shunt would not stimulate 
respiration (14). Phosphate is not an immediate product of glu- 
cose addition and therefore cannot stimulate respiration. The 
unlikely possibility that the addition of glucose causes phosphate 
transport into the cell, thereby activating respiration by an in- 
crease of phosphate concentration, is contrary to the experi- 
mental result that respiratory stimulation can be obtained with 
cells that have been carefully washed and resuspended in a phos- 
phate-free medium. Furthermore, phosphate analyses show that 
inorganic phosphate decreases with glucose addition (15). Since 
ADP rather than inorganic phosphate is formed on glucose addi- 
tion, the control mechanism imposed upon the respiration of the 
ascites tumor cells is in terms of the intracellular ADP concen- 
tration. 

The second transition is from the active state of rapid respira- 
tion, 3, to the inhibited state, 4; this is indicated spectroscopically 
by reduction of cytochrome b and a further oxidation of cyto- 
chrome c + « (Fig. 3). Thus the crossover point for this tran- 
sition lies between these two components for this preparation or 
between a and c + ¢; for other preparations (Table II). In this 
transition, the suspension proceeds to a metabolic state different 
from that before glucose addition, and the crossover point for 
the inhibition of respiration is nearer the dehydrogenase end of 
the chain than is the crossover point for the activation of respira- 
tion. 

Studies of isolated mitochondria have demonstrated that the 
location of the crossover point depends upon a balance of de- 
hydrogenase and oxidase activities (11). If dehydrogenase ac- 
tivity increases relative to the oxidase activity, the crossover 
point moves along the respiratory chain towards the dehydroge- 
nase. It is probable that, after a minute of activated respira- 
tion, somewhat more substrate for the mitochondria is formed 
in the cell and that a somewhat greater dehydrogenase activity 
is achieved. This additional reducing power changes the bal- 
ance of dehydrogenase activity in the respiratory chain and 
moves the crossover point towards the middle of the respiratory 
chain, i.e. to a point between cytochromes b and c. 

The fact that this inhibition of respiration is accompanied by 
a crossover point in the respiratory chain suggests that it is 
saused by lack of phosphate or phosphate acceptor and not by 
lack of substrate; in fact, the above considerations indicate that 
increased substrate concentration is present. The response of 
the glucose-inhibited cells to an uncoupling agent further sup- 
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ports this possibility. Fig. 5 shows that absorbancy decreases 
also occur upon addition of 25 um dicoumarol to the glucose- 
inhibited cells: absorption bands corresponding to cytochromes 
cand b disappear. Cytochrome 6 is identifiable by both its a- 
and ‘y-bands, whereas only the a-band of cytochrome c is clearly 
distinguished: its y-band appears as a small shoulder at the short 
wave side of the cytochrome b-band. This response is typical of 
mitochondria lacking phosphate and phosphate acceptor, and 
excludes the possibility that glucose inhibition is caused by lack 
of substrate, coenzyme, or an unknown substance. However, 
since ADP may also be lacking in this response to an uncoupling 
agent, it is impossible to determine on this basis whether the 
inhibition is due to lack of intracellular phosphate or phosphate 
acceptor (2). 

A simple hypothesis for the explanation of these results is that 
the cell respiring on endogenous substrate may accumulate a 
high concentration of ATP which is available to the glucose- 
phosphorylating enzymes (5, 16). Thus, a sudden addition of 
glucose causes an abrupt phosphorylation of this substrate and 
a release of a high concentration of ADP. The respiratory en- 
zymes of the mitochondria respond rapidly to this increase in 
ADP concentration by an oxidation of their steady state levels 
and an increase of respiratory rate, as is characteristic of isolated 
mitochondria (4, 8,17). This response is analogous to that of 
sarcosomes of intact muscle to a twitch, where similar responses 
of the cytochromes are observed spectrophotometrically (18). 

Since ascites tumor cells show an exceptional deceleration of 
respiration about a minute after the addition of glucose, it is 
suggested that the reserves of ATP supplying ADP for the ac- 
celerated metabolism become exhausted within this time and are 
not replenished by the ATP formed in oxidative phosphorylation 
in the mitochondria. This hypothesis implies a compartmenta- 
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tion of the cell in such a way that the ATP newly formed in the 
mitochondria is not free to diffuse back to the glucose-phosphor- 
ylating enzymes (5, 7, 16). 

Experiments described in the preceding paper (2) indicate that 
respiratory inhibition after the addition of a small amount of glu- 
cose is caused by a decrease of the intracellular level of ADP. 
Thus, although alternative theories for the control of metabolism 
of the ascites tumor cell are considered in detail in a succeeding 
paper} the hypothesis that the intracellular ADP concentra- 
tion controls the inhibition of respiration after glucose addition 
appears consistent with available experimental data on the whole 
ascites cell (5, 16). 


SUMMARY 


Spectroscopic studies show that the response of the ascites 
tumor cell suspension to the addition of excess glucose is typical 
of the response of the mitochondrial respiratory chain to an in- 
crease of phosphate or phosphate acceptor. A consideration of 
the chemical reactions involved and of the response of the system 
to inhibitors such as iodoacetic acid leads to the conclusion that 
the stimulation of respiration is caused by an increase in the con- 
centration of intracellular adenosine diphosphate. This supports 
the hypothesis that control of the intracellular adenosine diphos- 
phate level is responsible for the low respiratory metabolism of 
the ascites tumor cell freshly withdrawn from the mouse. 

The acceleration and subsequent deceleration of respiration 
after glucose addition to the cell suspension are attributed to re- 
spective increases and decreases of the intramitochondrial con- 
centration of adenosine diphosphate. An explanation for meta- 
bolic control by the adenosine diphosphate level is briefly 
outlined. 
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The previous papers of this series were concerned with the role 
of biotin in the carboxylation step in leucine metabolism (1) and 
with the purification of an enzyme (referred to as carbon dioxide- 
activating enzyme) which catalyzes the bicarbonate- and hy- 
droxylamine-dependent degradation of adenosine triphosphate 
(2). The activating enzyme was assayed by colorimetric deter- 
mination (3) of a nonnucleotide product of ATP degradation, 
believed to be pyrophosphate. In a brief preliminary article the 
action of crystalline pyrophosphatase on this product was de- 
scribed (4) and reference was made to unpublished experiments! 
showing the formation of approximately equimolar amounts of 
adenylic acid and pyrophosphate in the reaction. In further 
study of this enzymatic system, however, the present authors 
have made several observations contrary to those reported ear- 
lier. The nature of the compounds derived from ATP in the 
standard assay for the enzyme has therefore been re-examined. 
These products are ADP and a nonnucleotide phosphate-con- 
taining compound which is clearly distinguishable from both 
phosphate and pyrophosphate. The stoichiometry of the re- 
action has been established, and the specificity of the activating 
enzyme for carbon dioxide, hydroxylamine, nucleoside triphos- 
phate, and various metal ions has been determined. 

In contrast to earlier findings (4),! we are presently unable to 
demonstrate that the enzyme catalyzing the bicarbonate- and 
hydroxylamine-dependent degradation of ATP participates in 
the carboxylation reaction in leucine metabolism. The term 
“activating enzyme’ has been retained for convenience in this 
paper, but with the understanding that a more suitable name will 
be selected when the details of the reaction and the function of 
the enzyme are known. 


EXPERIMENTAL AND RESULTS 


Enzyme Assay—The assay described earlier (2) has been mod- 
ified to include estimation of the phosphate resulting from acid 
hydrolysis of the nonnucleotide product of ATP degradation. 
Five hundred umoles of potassium bicarbonate, 200 umoles of 
hydroxylamine hydrochloride, 4 wmoles of zinc acetate, 10 umoles 
of crystalline ATP (disodium salt), and the activating enzyme 
preparation were incubated at 38° for 30 minutes in a final vol- 
ume of 3.0 ml. In a control tube 500 umoles of Tris’ buffer 
(pH 7.7 in dilute solution) were substituted for bicarbonate. 


* Supported by grants from the United States Public Health 
Service (Grant A-993C) and the Michigan Memorial-Phoenix 
Project of the University of Michigan. 

1B. K. Bachhawat, unpublished data. 

2 The abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane. 


The pH of each of the reaction mixtures was 6.5, the optimal 
value for the activating enzyme (2). At the end of the incuba- 
tion period the tubes were chilled in ice, 1.0 ml. of 40 per cent 
trichloroacetic acid and 200 mg. of charcoal were added, and the 
mixture was centrifuged. To the supernatant solution 75 mg. 
of charcoal and 0.1 ml. of 95 per cent ethanol were added, the 
mixture was centrifuged, and 1.0 ml. of the supernatant solution 
was heated for 10 minutes at 100° with 1.0 ml. of 2 n hydrochloric 
acid. Aliquots of the resulting solution were taken for colori- 
metric determination of phosphate (5). As indicated in Table I, 
phosphate formation in this modified assay is dependent upon 
the presence of the individual components of the incubation mix- 
ture. One unit of activating enzyme is defined as the amount 
that will result in the formation of 1.0 umole of phosphate under 
the conditions described, and the specific activity of the enzyme 
is expressed as the number of units per mg. of protein. 

Evidence for Intermediate Distinct from Pyrophosphate—Al- 
though the nonnucleotide product generated in the hydrox- 
ylamine assay system can be estimated by the nonspecific 
colorimetric method for pyrophosphate (3), crystalline pyrophos- 
phatase has no action on this substance (Table II).* Further- 
more, color development with the product does not require the 
presence of cysteine (cf. 3), and the product is more labile to acid 
than is pyrophosphate. Hydrolysis of the compound in the 
presence of the phosphate reagents most likely accounts for the 
liberation of phosphate as shown in the table. On the other 
hand, the compound is quite stable to alkali and has been sep- 
arated from ortho- and pyrophosphate by paper chromatog- 
raphy in nonacidic solvents (6). The identity of this interesting 
compound is under investigation. 

Chromatographic Identification of Products of Activating Re- 
action—ATP-6 ,y-P® was incubated in the usual reaction mix- 
ture containing the activating enzyme, and the products were 
submitted to paper chromatography with the results shown in 
Fig. 1. A radioactive spot corresponding to ADP (but none 
corresponding to AMP) was found upon chromatography in 
Solvent A (see Fig. 1) of the complete reaction mixture either 
alone or mixed with known nucleotides. Labeled inorganic 
phosphate migrates close to ATP in this solvent but does not 
interfere with the identification of ADP. The smaller amount of 
P-labeled ADP generated in the absence of either bicarbonate 
or enzyme is attributed to spontaneous breakdown of ATP. 


’ Manganese chloride was employed in these experiments, since 
in the presence of zinc ions pyrophosphatase catalyzes the exten- 
sive hydrolysis of ATP and other nucleoside di- and triphosphates 
with the liberation of phosphate (M. J. Schlesinger and B. K. 
Bachhawat, unpublished data). 


2428 











Cry 
descril 
3.2 (0. 
acid (; 
hydro 
rected 
of AT 


Comp 
No bi 
No en 
No A’ 
No hy 
No Z 


Myok 
active 
the i 
chron 

Th 
upon 
used | 


Fr 
ture « 
mine 
ml. 
Aliqu 
tyrie 
trate 
a rad 








imal 
uba- 
cent 
| the 
mg. 
, the 
tion 
loric 
dlori- 
le I, 
pon 
mix- 
ount 
nder 
Lyme 


—Al- 
lrox- 
ecific 
hos- 
ther- 
e the 
acid 
1 the 
r the 
other 
| Sep- 
atog- 
sting 


y Re- 
mix- 
were 
vn in 
none 
hy in 
either 
ganic 
s not 
int of 
nate 
ATP. 


since 
x ten- 

ates 
8. K. 





September 1959 


TaBLe I 
Dependency of ATP breakdown on components of 
activating enzyme assay system 

Crystalline disodium ATP was employed in the assay system 
described in the text, with activating enzyme of specific activity 
3.2 (0.59 mg. of protein). To maintain a pH of 6.5, hydrochloric 
acid (approximately 150 uymoles) was added when hydroxylamine 
hydrochloride was omitted. The values reported have been cor- 
rected for the phosphate liberated by the spontaneous breakdown 
of ATP. 


Phosphate formed by acid hydrolysis 


Reaction mixture of nonnucleotide product of ATP 


degradation 
pmoles 
Complete 1.75 
No bicarbonate 0 
No enzyme 0.06 
No ATP. 0 
No hydroxylamine 0 


No Zn*’.. 0 


Myokinase is apparently absent from most preparations of the 
activating enzyme, because small amounts of AMP included in 
the incubation mixtures remain detectable upon subsequent 
chromatography. 

The lability of the non-nucleotide product of ATP degradation 
upon chromatography in either of the acidic solvent systems 


used results in complete conversion to phosphate. Accordingly, 


SOLVENT A 


2 4 5 
COMPLETE NO COzg NO ENZYME KNOWN COMPLETE 
are + KNOWN 
ADP ate 
amp aop 
amp 


Fic. 1. Chromatographic identification of ATP breakdown products in the activating reaction. 
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Tase II 
Evidence for product distinct from pyrophosphate 

The complete reaction mixture contained 500 umoles of bicar- 
bonate (replaced by Tris buffer in control tubes), 200 wmoles of 
hydroxylamine hydrochloride, 20 wymoles of manganese chloride,’ 
10 umoles of ATP, activating enzyme (specific activity 1.3; 2.8 
mg. of protein), and, where indicated, recrystallized pyrophos- 
phatase. The tubes were incubated for 30 minutes at 38°. In 
organic phosphate was determined in the usual colorimetric pro- 
cedure by readings at 7 minutes (5) and the nonnucleotide product 
was estimated by the additional color development at 120 minutes. 
The increase in color from 7 to 120 minutes when known phosphate 
is employed is only about 15 per cent. Additional experiments 
have shown that pyrophosphatase readily degrades known pyro- 
phosphate in the presence of the components of the complete 
reaction mixture. 


Additional 
Cysteine | Phosphate | “phosphate’’ 
present formed (7 | formed from 
System during (min. of color | intermediate 
color de develop 120 min. of 
velopment ment) color devel 
opment 
Complete 4 0.44 1.76 
Complete + 7 ug. of pyrophos 
pyro} 
phatase + 0.58 1.64 
Complete 0.32 1.54 
Complete + 7 of pyrophos 
I ue pyro} 
phatase - 0.46 1.34 
3.5 wg. of pyrophosphatase + 0.5 
umole of known pyrophosphate _ 1.04 





The complete reaction mix- 


ture contained 125 umoles of potassium bicarbonate, 2.5 umoles of ATP-8,y-P® (143,000 ¢.p.m. per umole), 50 wmoles of hydroxyla 
mine hydrochloride, 1 umole of zine acetate, and activating enzyme (specific activity 32; 63 ug. of protein), in a final volume of 0.75 
ml. The reaction mixtures were incubated for 30 minutes at 38° and deproteinized with 0.25 ml. of 40 per cent trichloroacetic acid 


Aliquots were taken for the usual assay procedure and for paper chromatography at 4 


(0.05 ml.). Solvent A was 66:33:1 isobu 


tyric acid-water-concentrated ammonium hydroxide; Solvent B was 75:25:5:0.3 isopropanol-water-trichloroacetic acid-concen 


trated ammonium hydroxide (7). 
a radioautogram was then prepared. 





The nucleotide spots were detected by ultraviolet absorption (as shown by dotted lines) and 
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labeled phosphate (but not pyrophosphate) was detected by 
chromatography of the complete reaction mixture in Solvent B, 
and much less phosphate was detected in the mixtures from which 
bicarbonate or enzyme had been omitted. ATP and ADP re- 
main near the origin in Solvent B and therefore do not intertere 
with the identification of phosphate. 

As expected from these chromatographic findings, adenylic 
deaminase (8) has no action on the products of the activating re- 
action. Further identification of the ADP was provided by an 
experiment in which the activating enzyme was incubated in the 
usual system, and the resulting nucleotides were adsorbed on 
charcoal and then eluted. The expected amount of ADP was 
found to be present, as judged by the disappearance of carbamy] 
phosphate, when the eluate was incubated with bacterial car- 
bamy] phosphate synthetase according to the procedure of Jones 
et al. (9). As will be described in a subsequent paper, prepara- 
tions of the activating enzyme catalyze the exchange of P*-la- 
beled ADP with ATP, whereas P*-labeled phosphate and pyro- 
phosphate and C™-labeled AMP fail to exchange with ATP under 
the same conditions. The exchange reaction is not dependent 
upon added bicarbonate, but no special precautions were taken 
to exclude carbon dioxide from the reaction mixtures. 

Stoichiometry—The degradation of ATP in the activating re- 
action apparently yields equimolar amounts of ADP and the 
non-nucleotide product (Table III). The nucleotides were esti- 
mated by a modification of the method of Krebs and Hems (10), 
and the unidentified nonnucleotide product was estimated by 
conversion to phosphate. Control experiments have established 
that the nonnucleotide product is not adsorbed by charcoal. 

Specificity of Activating Enzyme for Carbon Dioxide—Attempts 
were made to replace potassium bicarbonate by other compounds 
in the standard assay described above, and the following were 
found to be without activity when tested at a level of 200 umoles: 
potassium formate, potassium acetate, glycine, L-histidine, L- 
leucine, sodium oxalate, potassium sulfate, sodium bisulfite, and 


TaB_e III 
Stoichiometry of reaction 


The assay described in the text was carried out with activating 
enzyme of specific activity 7.0 (0.56 mg. of protein) and 8.4 (0.32 
mg. of protein) in Experiments 1 and 2, respectively. After de- 
proteinization with trichloroacetic acid, the solution was treated 
with 100 mg. and then with 50 mg. of charcoal. The nonnucleo- 
tide product in the supernatant solution was hydrolyzed and 
measured as phosphate (5). The charcoal was eluted with two 
2-ml. portions of ethanol-water-3 N ammonium hydroxide (1:4:1) 
in Experiment 1 and with four 1.5-ml. portions in Experiment 2. 
Aliquots of the eluates were submitted to paper chromatography 
in isobutyrie acid-water-ammonia, and the individual nucleotides 
were eluted and estimated spectrophotometrically at 260 my. 
The figures given are corrected for the amount lost when known 
nucleotides were carried through the procedures. The correction 
factor was 1.84 in Experiment 1 and 1.35 in Experiment 2. The 
per cent recovery of known ATP and ADP was found to be the 
same in a particular experiment. No AMP was detected on the 
paper chromatograms. 


Experiment No. ATP lost Phosphate formed ADP formed 
pmoles pmoles umoles 
1 3.51 3.33 3.47 
2 2.79 2.71 2.64 


Bicarbonate- and Hydroxylamine-dependent Degradation of ATP 
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TABLE IV 
Nucleoside triphosphate specificity of activating enzyme 

The reaction was assayed as described previously (2) with acti- 
vating enzyme of specific activity 32 (60 ug. of protein) and 2 
umoles of the nucleotide derivative indicated (final concentration, 
6.7 X 10-4). 
trol tubes. Similar results have been obtained with the assay 
described in the text. 


Tris was substituted for bicarbonate in the con- 


Compound tested Hydroxylamine added ees ith 
pmoles Qq 
ATP 200 100 
ATP 0 0 
ITP 200 59 
ITP 0 0 
UTP 200 59 
UTP 0 0 
GTP 200 7 


Car... 200 0 


sodium silicate. Hydroxylamine apparently has a specific fune- 
tion in the over-all reaction, since it cannot be replaced by 200 
pmoles of ammonium salts, fluoride, histidine, leucine, gluta- 
thione, or N-acetylglutamate. In the absence of hydroxylamine 
hydrochloride, hydrochloric acid was added to bring the pH of 
the reaction mixtures to 6.5. The inability of fluoride to sub- 
stitute for hydroxylamine has been reported earlier (4) as evi- 
dence that the activating enzyme is distinct from fluorokinase 
(11). 

Nucleoside Triphosphate Requirement—As shown in Table IV, 
the activating enzyme catalyzes the bicarbonate-dependent 
breakdown not only of ATP but also, to a somewhat lesser ex- 
tent, ITP and UTP. When the purified enzyme is treated with 
charcoal it retains the same relative activity toward these three 
nucleoside triphosphates. The data given indicate that the 


TABLE V 
Metal requirement of activating enzyme 

The assay described in the text was used with activating en- 
zyme of specific activity 3.2 (0.59 mg. of protein). All of the val- 
ues are corrected for phosphate liberation in control tubes in 
which Tris buffer was substituted for bicarbonate. The following 
salts were employed: zine acetate, cobaltous chloride, manganous 
chloride, magnesium chloride, and cupric sulfate. 
Phosphate liberated (per 


cent of yield with zinc 
ions added) 


Metal added Molarity X 103 


Zn** 1.3 100 
Zn** 6.7 97 
Cot* 1.3 39 
Co* 6.7 152 
Cot 13.3 172 
Co** 26.7 108 
Mn** 1.3 8 
Mn** 6.7 30 
Mn** 13.3 38 
Mn** 26.7 38 
Mn** 53.3 37 
Mg** 1.3 0 
Mg** 6.7 0 
Cut 1.3 0 
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breakdown of ITP, UTP, and ATP is completely dependent upon 
the presence of hydroxylamine. 

Divalent Metal Requirement—Zinc ions are routinely used in 
tlie assay system for the activating enzyme, but cobaltous ions 
at higher concentration are even more effective (Table V). On 
the other hand, manganous ions are less active at all concentra- 
tions tested, and magnesium and copper ions are without effect. 
Potassium salts are usually employed in the enzyme reaction 
mixtures, but sodium salts may be substituted with only partial 
inhibitory effect. 

Inhibitors—Since the activating enzyme is inhibited by agents 
such as p-chloromercuribenzoate, one or more free sulfhydryl 
groups may be essential for activity. The minimal concentra- 
tions of these agents necessary to effect complete inhibition is as 
follows: mercuric chloride, 5 X 10-® M; p-chloromercuribenzoate, 
6 X 10-° m; N-ethylmaleimide, 2 x 10-* M; iodoacetamide, 9 X 
10 m; and iodoacetate, 2 x 10-' m. In these experiments 
activating enzyme of specific activity 3.1 (0.69 mg. of protein) 
was preincubated with the inhibitors in 2 ml. of 0.05 m Tris buf- 
fer, pH 7.7, for 15 minutes at 25°, before incubation at 38° with 
the usual assay components. 


DISCUSSION 


The evidence presented shows that the cleavage of ATP, cat- 
alyzed by the carbon dioxide-activating enzyme in the presence 
of bicarbonate and hydroxylamine, occurs between the B- and 
y-phosphate groups. No satisfactory explanation has yet been 
found for the difference in these findings and in those obtained 
earlier (4)... The earlier data either are not valid or must be 
attributed to the unlikely possibility of some subtle difference in 
the experimental conditions which determines the nature of the 
reaction. 

Since ADP and a nonnucleotide phosphate-containing com- 
pound are formed in the reaction under discussion, it should be 
emphasized that, as reported earlier (4), the activating enzyme 
is apparently distinct from “‘fluorokinase.” The latter enzyme, 
which catalyzes the fluoride- and bicarbonate-dependent cleav- 
age of ATP to ADP and fluorophosphate (11), has been isolated 
in crystalline form from rabbit muscle extracts by Tietz and 
Ochoa (12). These investigators have recently obtained evi- 
dence strongly suggesting that both the pyruvic kinase and 
“fluorokinase” reactions are catalyzed by the same enzyme 

Since the nonnucleotide phosphate-containing compound ap- 
pears not to contain carbon from carbon dioxide, the role of car- 
bon dioxide in the reaction is not clear. For example, the possi- 
bility cannot be ruled out that carbon dioxide merely facilitates 
metal addition to the enzyme. On the other hand, the possibil- 
ity has been eliminated that Tris buffer is inhibitory rather than 
bicarbonate stimulatory. As described in the text, a variety of 
compounds such as formate, acetate, oxalate, sulfate, bisulfite, 
silicate, glycine, histidine, and leucine are unable to substitute for 
bicarbonate. Furthermore, Veronal or imidazole can be substi- 
tuted for Tris buffer without effect, and Tris buffer has no in- 
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hibitory action when added to a complete reaction mixture con- 
taining bicarbonate. 


Methods 


ATP-8,y-P® was prepared by a modification of the method 
described by Lowenstein (13). Potassium pyrophosphate-P® 
(40 umoles; prepared by pyrolysis of potassium phosphate-P®), 
AMP (16 mg.), and dicyclohexylearbodiimide (300 mg.) were 
added to 1.5 ml. of pyridine-water (10:1, volume for volume) and 
shaken for 6 hours. The dicyclohexylurea formed was removed 
by centrifugation, and the supernatant solution was washed re- 
peatedly with water. The solution was then streaked on a sheet 
of Whatman No. 3 filter paper and submitted to chromatography 
in isobutyric acid-water-concentrated ammonium hydroxide 
(66:33:1). ATP and ADP, which had been poorly separated 
on the paper, were eluted together with water, adsorbed on acid 
washed Norit, and eluted with ethanol-water-3 N ammonium 
hydroxide (1:4:1). The solution was concentrated by lyophili- 
zation and submitted to paper chromatography as described 
above. The ATP, which was well separated from the ADP, was 
eluted with water and concentrated under reduced pressure to a 
volume of 3 ml. The ATP obtained in this manner had a spe 
cific activity of 379,000 ¢.p.m. per umole, and on paper chroma- 
tography in the isobutyric-ammonia-water system it gave a 
single ultraviolet-absorbing spot, Rr 0.07. Known ATP, ADP, 
and AMP applied to the same paper gave Rp values of 0.07, 0.14, 
and 0.25, respectively. 

The various nucleoside phosphates, including crystalline ATP, 
were commercial products. The protein concentration of the 
enzyme solutions was determined spectrophotometrically with a 
correction for the nucleic acid content (14). Reerystallized yeast 
pyrophosphatase was generously provided by Dr. M. Kunitz, 
and a preparation of carbamy! phosphate synthetase from Strep- 
tococcus faecalis was furnished by Dr. P. A. Srere. 


SUMMARY 


The bicarbonate- and hydroxylamine-dependent cleavage of 
adenosine triphosphate, catalyzed by the ‘‘carbon dioxide-acti- 
vating enzyme,” yields adenosine diphosphate and an uniden- 
tified nonnucleotide phosphate-containing compound distinct 
from phosphate or pyrophosphate. This compound is cleaved 
easily in acid solution with the liberation of orthophosphate. 

The activating enzyme appears to be highly specifie for carbon 
dioxide, and no compound has been found capable of replacing 
hydroxylamine in the reaction. Uridine triphosphate and ino- 
sine triphosphate are less effective than adenosine triphosphate 
in the activation reaction, and other nucleoside triphosphates 
tested are inactive. Although zine ions are generally used in 
the reaction, cobaltous ions (at higher concentration) are even 
more effective. 


Acknowledgment—The authors wish to acknowledge the tech- 
nical assistance of Miss Aina Jakobsons. 
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NOTE ADDED iN PROOF 
As described in the text, preparations of the activating en- 
zyme exhibit no significant fluorokinase activity in the presence 
of zinc ions. Since these partially purified preparations contain 
magnesium-activated fluorokinase (pyruvokinase), however, we 
The 
ratio of activating enzyme to pyruvokinase activity has been 


have reinvestigated the possible identity of these enzymes. 


found to be fairly constant in a variety of preparations, and 
crystalline pyruvokinase has been shown to behave as the acti- 
vating enzyme in the standard assay system containing zinc 
It is therefore 
possible that the zinc-dependent activating enzyme and mag- 
nesium-dependent fluorokinase (pyruvokinase) are identical. 


ions, ATP, bicarbonate, and hydroxylamine. 
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The concept that copper may be a part of cytochrome oxidase 
gems to be contained in the monumental studies of Warburg (1) 
who concluded, however, that because of the sensitivity to light 
of its carbon monoxide compound the enzyme could only be an 
iron-containing compound. The earliest nutritional studies sup- 
ported an opposite view. In 1934 Cohen and Elvehjem (2) 
found a decreased cytochrome oxidase activity in the livers of 
rats made anemic on a milk diet which is virtually free of copper. 
These experiments, the universal distribution of copper, and 
Kubowitz’ discovery that polyphenol oxidase is a copper protein 
3), prompted Keilin and Hartree (4) to propose that cyto- 
chrome oxidase might be a copper-containing enzyme. How- 
ever, When Keilin and Hartree (5) found that they could identify 
cytochrome a3 with cytochrome oxidase (both presumably iron- 
porphyrin proteins), the hypothesis that copper is a part of the 
enzyme became superfluous. 

Schultze in 1939 and 1941 (6, 7) emphasized the importance of 
“opper when he found that the cytochrome oxidase activity of 
rat liver, heart, and bone marrow was greatly reduced on a 
copper-deficient diet. In 1941 Graubard (8) noted that the 
“type of substrate and mode of action characterizing these three 
enzymes (tyrosinase, polyphenolase, and cytochrome oxidase) 
are sufficiently similar to warrant the expectation” that cyto- 
chrome oxidase might contain copper as its prosthetic group. 
He went on to present evidence for the participation of copper 
based on the inhibitory action of certain copper-complexing 
agents. 

In 1950 we concluded in our laboratory (9) that cytochrome 
oxidase is a copper-containing rather than an iron-containing 
enzyme. This conclusion was based on the observation that in 
fractions from mitochondria made with deoxycholate the cor- 
relation between the copper content and the height of the 601 
mu absorption by the reduced enzyme was good. An analysis 
of the metal content of the pyridine hemochromogen of the 
prosthetic group of cytochrome oxidase (10) prompted us to re- 
turn to the classical view that cytochrome oxidase is a heme- 
protein, but the thought has persisted that cytochrome oxidase 
must also be a copper enzyme. 

Our view is supported by the recent results of Green et al. 
(11, 12). They found that only those mitochondrial fragments 
with a pronounced spectrum of cytochrome oxidase had con- 
siderable amounts of copper. More recently, Gallagher et al. 
13) have reported that the cytochrome oxidase activity of 
homogenates of liver, brain, and kidney from advanced copper- 
deficient rats is extremely low. Gubler et al. (14) have also 
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reported that the cytochrome oxidase activities of several organs 
of the hog, especially the activity of its heart, is reduced in 
copper deficiency. These last experiments again emphasize the 
importance of copper to cytochrome oxidase, although they only 
furnish presumptive evidence for the presence of the metal in the 
enzyme. It is also interesting to note that in Mason’s (15) 
classification of four-electron transfer oxidases, of which cyto- 
chrome oxidase is one, the other three enzymes, laccase, cate- 
cholase function of the phenolase complex, and ascorbic acid 
oxidase, all have copper as the only functional group. 

We have now obtained evidence to show that not only is the 
copper content of fractions of heart mitochondria related to the 
605 my absorption (reduced state), but that it is also related to 
the activity of the enzyme. The latter relationship was estab- 
lished after it was found (16, 17) that surface active agents reduce 
the activity of cytochrome oxidase and that certain lipides or 
lipide-soluble substances are reactivators of the enzyme. 


METHODS AND MATERIALS 


The insoluble heart muscle preparation containing cytochrome 
oxidase was made from beef heart by the method of Keilin and 
Hartree as previously described by us (18), except that the 
residue from the acetate precipitation was adjusted to contain 
25 mg. of protein per ml. with 0.1 m phosphate buffer, pH 7.4. 
Deionized water was used throughout, even for the initial wash- 
ing of the coarsely ground tissue, and all reagents were analyzed 
for their copper content. 

The fractionation of the insoluble particles was accomplished 
with sodium deoxycholate in accordance with the method pre- 
viously used (9). However, in this instance the separations were 
made by centrifugation in a Spinco preparative ultracentrifuge 
for 1 hour at 144,000 x g to obtain the first fraction and for } 
hour to obtain the subsequent fractions. 

All glassware was washed with a commercial detergent in 
water and was rinsed with tap water and with distilled water. 
It was next soaked in chromic acid cleaning solution for about 
10 minutes and then was rinsed with tap water, distilled water, 
and deionized water. Addition of the copper reagent, cuprizone, 
indicated the absence of detectable copper. Protein was de- 
termined by the micro-Kjeldahl method based on the factor 6.25 
to convert nitrogen to protein. 

Copper was determined spectrographically by the method of 
Shimp et al. (19) employing alternating current are excitation, 
an NaNO; buffer, and Mo as an internal standard. The sensi- 
tivity of this method as employed here was 2 p.p.m. The 
colorimetric method was a modification of the method of Peterson 
and Bollier (20) in which cuprizone (biscyclohexanono-alyldi- 
hydrazone) was used to develop the color. 
sensitivity of 0.03 p.p.m. 


This method has a 
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The heme content of cytochrome c oxidase was calculated from 
the optical densities at 605 mu. The samples were first air- 
oxidized and then reduced with NaS.O,y The conversion to 
heme Ae was accomplished by employing the factor, Ae at 605 
mu = 0.076 xX 10° cm? gm. atom Fe- (21), which had been 
calculated on the assumption that 1 mole of cytochrome c 
oxidase heme, as determined at 605 my, is reduced by 1 mole of 
ferrocytochrome c. Because of the variation in the nonspecific 
absorption of the samples, the absorption at 605 my, both in this 
experiment and when the factor was determined, was measured 
as the optical density above a baseline drawn between the 
isosbestic points 575 and 625 my on the absorption curves. 

Cytochrome c oxidase activity was determined as previously 
stated (22, 23), except that the cytochrome c was a lyophilized 
product obtained from Sigma Chemical Company which was 67 
per cent pure. The value of Ae at 550 my for ferrocytochrome c 
minus ferricytochrome c was taken to equal 0.185 x 105 cm.? 
mole“ (24). The activities were expressed as first order velocity 
constants (sec.~') per mg. of protein in the reaction cuvette. 


RESULTS 


The reagents were analyzed for their copper content and the 
results are presented in Table I. In a fraction of the insoluble 
particles made with 1 per cent deoxycholate and containing 
phosphate buffer and some acetate, the contaminating copper 
could not exceed 0.23 mumole per mg. of protein. In contrast 
the total copper in those samples with sufficient absorption at 
605 my in the reduced state to give reliable copper to heme ratios 
ranges from 1.1 to 8.2 mumole per mg. of protein (Tables IT and 
III). 

The data for the first three fractionations are presented in 
Table II. An inspection of the protein values reveals that from 
14 to 17 mg. of the protein of the insoluble particles may be 
dissolved without appreciable loss of cytochrome oxidase. The 
oxidase is then contained in the next 5 to 6 mg. of protein that 
is removed. If lower concentrations of sodium deoxycholate are 
employed, as in Experiment 3, the cytochrome oxidase is dis- 
tributed among a greater number of fractions. In Experiment 1 
the cytochrome oxidase, as judged by the concentration of the 
heme, was almost entirely in Fraction 3. In Experiment 2 the 
enzyme was distributed between two fractions, and in Experi- 
ment 3, where the deoxycholate concentration was lower in 
several instances, the oxidase was found in five fractions. In 
these eight fractions the copper to heme ratios fell between 0.8 
and 1.9 to give a mean value of 1.3. 


TABLE I 


Copper content of reagents 





Colori- 
metrically 


Spectro- | 
graphically 








| p.p.m. | p.p.m. 
Disodium phosphate* | <i | 0.19 
Monopotassium phosphate* . <1 0.20 
Sodium acetate* <1.5 0.20 
Acetic Acid, redistilled*. . | NDt | NDt 
Sodium deoxycholatet............. 1-10 | 8 





* Merck and Company, Inc., Rahway, New Jersey. 
t Not detectable. 
t Digestive Ferments Company, Detroit, Michigan. 
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TaBLe II 


Relationship of copper content (determined spectrographically) ang 
heme content of cytochrome c oxidase 





| | Deoxy- | | Copper- | Heme- | 

















an Fraction | cholate | Protein | protein protein | Copper: 
| added | | ratio ratio ratio 
| | mem. | erent mera} mal 
1 Insoluble* | 25.00 is | 
| 1 1.0 | 10.40 t | 0 | 
| 2 1.0 | 7.10} ft 0.2 | 
| 3 1.0 | 4.30| 6.0 | oA. i if 
| 4 1.0 | 0.88 7 | 
| Residue | 3.98 T | 
2 Insoluble* | | 25.00 ‘s | | 
, g 1.0 | 14.10 ef: i @ | 
2 LO | 645) 38 | 49 | of 
3 1.0 | 1.13! 7.9 | 5.1 | 1.5 
Residue 3.89 2.0 
3 Insoluble* | 25.00 ‘3 
1 1.0 | 12.30} 0.2 0 
| 2 0.5 | 4.86 0.5 0 
3 0.5 1.05 2.3 if | € 
4 0.5 | 0.84] 5.3 4.1 | 1.3 
5 0.5 | 1.21 8.2 5.8 | 1.4 
6 1.0 1.77 8.1 7.0 | 1.2 
7 1.0 | 0.78| 6.8 49 | 1.4 
Residue | 4.90 3.3 | 
| 














* Insoluble heart muscle preparation. 
t Size of sample was too small to give a reliable analysis, i.e. 
copper was not detected in the sample taken for analysis. 


The copper content of the insoluble heart muscle particles is 
reasonably constant, ranging from 1.1 to 1.6 myumoies per mg. 
of protein in the three preparations. The copper to heme ratios 
could not be calculated for Fractions 1, 2, and 4 in Experiment 1 
because the sample sizes were too small for analysis, and copper 
was not detected by the method employed. 

The results presented in Table III agree with those in Table 
II, except that the copper to heme ratios are somewhat higher, 
averaging 2.1 instead of 1.3. A recalculation of the data of our 
earlier experiments in which the copper was determined colori- 
metrically (9) reveals an average ratio of 2.3 for three fractions. 
These ratios are to be compared with the values for partially 
purified preparations. We find that our Preparation 2.05-2' has 
a ratio of 1.6 and that Preparation 2-4-1.5? has a ratio of 1.0 
(17). According to unpublished data of Mackler (25) the cyto- 
chrome oxidase moiety of the electron transport particle has a 
copper to heme ratio of 2.5. Thus it is not possible at this time 
to conclude whether one or two copper atoms are present per 
heme, although the more likely figure is two. 

During the course of these experiments, we found in other 
studies that the activity of cytochrome c oxidase depends on the 
presence of a lipide or of a lipide-soluble substance that can be 
extracted from the heart muscle particles (16, 17). This ob- 
servation has been verified by Hatefi (26) who found that cyto- 


1 Preparation 2.05-2 is 2.05 per cent of deoxycholate to the in- 
soluble particles and then 2 per cent of deoxycholate to the residue 
after centrifugation. 

2 Preparation 2-4-1.5 is 2 per cent of deoxycholate to the in- 
soluble particles and 4 per cent cholate and then 1.5 per cent de- 
oxycholate to the residue placed on a cellulose column after cen- 
trifugation. 
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TaB_e III 


Relationship of copper content (determined colorimetrically), heme content, and activity of cytochrome c oxidase 


kis the first order velocity constant (sec.-). 


—_— = 





Copper-heme | 


Activity-protein ratio 
| Activity (with 
Fraction 1)- 


Activity (with 
Fraction 1)- 





ratio | | 





Fraction ee Protein rote Hemo-protein 
}  % melet. | “Etint | eeue® 

Insoluble* 25.00 2.0 | 

1 | 2-5 ee | oe ll ee 

2 | 10 | 464 | 11 #| = 0.4 

3 | 1.0 | 2.03 os. i Se 

4 | =61.0 1.57 8.5 | 5.4 

5 | 1.0 0.82 | 92 | 2.9 

4 igo > eae | ee 1a 
Residue | 4.56 | Re 








} Without With heme ratio copper ratio 
| Fraction 1 Fraction 1 
—s | k'/mg. protein ki/mg. protein | k'/mpmole k!/mpmole 

} 0.660 0.33T 
1.0 | 0.027 
2.8 0.436 0.690 1.73 0.63 
1.1 0.965 2.010 0.78 0.65 
1.6 0.581 6.900 1.28 0.93 
3.2 | 0 } 3.670 1.27 | 0.40 
2.6 0 4.300 1.19 0.46 

0 0.100 0.06 





* Insoluble heart muscle preparation. 
+ Activity without Fraction 1. 


chrome c oxidase may be stimulated by a mitochondrial lipo- 
protein. 

Successive extraction of the particles with 1.9 per cent deoxy- 
holate, 4 per cent cholate, and 3 per cent deoxycholate gave a 
preparation of low activity which could be reactivated with the 
|.9 per cent deoxycholate extract. Accordingly, we determined 
the activities of the fractions presented in Table III in the 
presence and absence of Fraction 1. The activation was pro- 
nounced with all fractions, although it was most noticeable with 
Fractions 5 and 6 which were wholly inactive in the absence of 
Fraction 1. The reactivation by Fraction 1 explains the dis- 
crepancy in our experiments of 1950 which were criticized as 
lacking a correlation between the activity of the fractions and 
their copper content. The activity (with Fraction 1) to heme 
ratios, as well as the activity (with Fraction 1) to copper ratios, 
are reasonably constant in this experiment. The somewhat 
greater variation in the latter ratios may possibly be attributed 
to the analytical method employed for the copper. 


DISCUSSION 


It may be concluded from these experiments that the copper 
content, the heme content (as determined from the 605 my 
absorption), and the activity (with a lipide activator) of cyto- 
chrome c oxidase are related. This permits the speculation that 
cytochrome c oxidase is a copper-heme-protein. If this is true, 
it should be possible to remove the copper by dialysis against 
cyanide (cf. tyrosinase, ascorbic acid oxidase, ceruloplasmin, and 
0 forth) and to reactivate the enzyme with added copper. The 
copper-free product should contain all of the heme and pre- 
sumably should have an altered spectrum in the reduced state. 
Preliminary experiments have shown that 0.1 m NaCN will re- 
move the copper, destroy the activity, and alter the spectrum. 

Among the possible sequences of electron transport are either 
cytochrome c — heme — Cu — QO, or cytochrome c — Cu > 
heme — Oc. The difficulties inherent in arriving at a satis- 
factory choice from available data and especially from inhibitor 
studies are apparent when it is remembered that cyanide and 
tarbon monoxide may react with both the heme and the copper. 
If cyanide does react with both the heme and the copper, there 
should be some asymmetry in the curve of inhibition when ac- 
tivity is plotted as a function of the inhibitor concentration. 


Whether it is the copper or the heme which reacts with oxygen, 
it should also be the one to react with carbon monoxide. Al- 
though CO-compounds of Cu-proteins are not usually sus- 
ceptible to dissociation by light, it might be possible to have the 
heme absorb the energy, as can the protein, and transmit it to 
the copper-carbon monoxide complex for its dissociation. The 
evidence that weakens this hypothesis is that there appears 
definitely to be a carbon monoxide complex of the heme because 
the photochemical action spectrum of Warburg et al. (1) has 
maxima in the same position as does the carbon monoxide 
complex of the reduced enzyme (27) and these maxima are more 
characteristic of CO-heme compounds than of CO-Cu com- 
pounds. 

As an alternative, is it possible that cyanide reacts readily 
with only the copper and carbon monoxide with only the heme? 
This would explain why Warburg (28) could show no competi- 
tion between HCN and oxygen for the reduced enzyme. 

Another possibility is contained in the statement of Keilin 
(29) who discussed our earlier paper (9): “Since the heights of 
the bands at 440 and 601 my in reduced cytochrome oxidase bear 
a constant ratio to each other, the obvious inference is that the 
440 my absorption band is also proportional to the copper con- 
tent of the preparation. This band, however, is the Soret band 
which is characteristic of a porphyrin ring, and one would there- 
fore have to postulate that cytochrome oxidase is a copper- 
porphyrin-protein compound.” In preliminary experiments we 
have found that when the copper is removed with cyanide the 
absorption at 445 my is also reduced. 


SUMMARY 


It has been established that there is a good correlation be- 
tween the copper content, the heme content (as determined from 
the 605 my absorption), and the activity (with an activator) of 
cytochrome c oxidase. 

In fractions obtained from heart muscle mitochondrial frag- 
ments with sodium deoxycholate the activity falls to zero in the 
last fractions. These fractions may be activated to give good 
ratios for activity-heme and activity-copper by the addition of 
the first cytochrome oxidase-free fraction. 

It is concluded that cytochrome c oxidase is a copper-enzyme 
which contains a heme and possibly a lipide. 
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One of the most characteristic effects of the administration of 
thyroxine to the intact animal is the stimulation of the oxygen 
consumption of the animal in association with an increase in the 
metabolic rate. The mechanism by which this effect is produced 
is unknown. An approach to this problem has been the study 
of the effect of thyroxine on the rate of a number of enzyme re- 
actions in vitro with special emphasis on those enzyme reactions 
which might be involved in respiratory metabolism. The pres- 
ent paper reports a very striking stimulatory effect of thyroxine 
and certain related compounds on the oxidation of epinephrine 
and a number of other hydrogen donors by the peroxidase sys- 
tem. 
1). 


A preliminary report of this work has appeared elsewhere 


EXPERIMENTAL 

Methods—The characteristic change in optical density which 
resulted from the disappearance of the hydrogen donor or the 
appearance of its oxidation product was employed to follow the 
course of oxidation of a number of hydrogen donors by the per- 
oxidase system. The change in optical density during the 30 
to 60 second period after the addition of H2O2 was employed for 
the determination of the optical density change per minute pro- 
vided that the rate of change in optical density was constant 
during this period. When the reaction was extremely rapid a 
shorter period was employed to ensure linearity. The spectro- 
photometric measurements were made at 25° with a Cary M14 
recording spectrophotometer (except when otherwise indicated 
in the legends) with quartz cells 1 em. in cell length. Ascorbic 
acid was determined by titration with 2,6-dichlorophenolindo- 
phenol (2). 

Materials—Horseradish peroxidase (approximately 60 purpu- 
rogallin units per mg.) was obtained from either Nutritional 
Biochemicals Corp., Sigma Chemical Company, or Worthington 
Biochemical Corporation. Myeloperoxidase was prepared ac- 
cording to the method of Agner (3) to the end of Step 6 at which 
stage the preparation had a ratio of absorbancies at 430 my and 
390 mu of 1.80 (crystalline myeloperoxidase —2.0 (3)) and the 
enzyme solution employed had an optical density at 430 my 
lem. cell) of 0.870 (crystalline myeloperoxidase —1.2 for a 1 
mg. per ml. solution (3)). A crude preparation of lactoperoxi- 
dase was prepared from fresh unpasteurized milk by the method 
of Pitney and Fraser (4). Other special reagents were obtained 
as follows: glucose oxidase (“‘pure’’), D( —)-epinephrine,' sodium- 

‘The natural epinephrine designated by the supplier as L-epi- 
nephrine is here designated as p(—)-epinephrine (5) and the un- 
natural form as L(+)-epinephrine. 
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L-thyroxine, and pi-thyronine from Nutritional Biochemicals 
Corporation; L(+)-epinephrine! from K and K Laboratories, 
Inc.; L-thyroxine and 3,5-diiodo-L-thyronine from Sigma Chem- 
ical Company; hydrogen peroxide (Superoxol 30 per cent) from 
Merck and Company; sodium catechol disulfonate from Win- 
throp-Stearns, Inc.; pL-norepinephrine hydrochloride and 3,3’ , 5- 
triiodo-L-thyronine from California Foundation for Biochemical 
Research; and Adrenalin (1:1000) from Parke, Davis and Com- 
pany. The remaining thyroxine analogues were very kindly 
supplied by Drs. A. W. Ruddy and R. C. Kroe of the Warner- 
Lambert Research Institute. Thyroxine and the thyroxine an- 
alogues were dissolved in 0.002 Nn NaOH and the epinephrine 
in 0.005 n HCl. 


RESULTS 
p( —)-Epinephrine Oxidation 


The oxidation of p(—)-epinephrine is associated with an in- 
crease in absorption with peaks at 480 my and at 300 mu. Fig. 
1 demonstrates the effect of sodium-L-thyroxine on the oxidation 
of epinephrine by the peroxidase system. Under the conditions 
employed, both the peak at 480 my and the peak at 300 my are 
barely perceptible in the absence of thyroxine 1 minute after 
the addition of hydrogen peroxide. However, in the presence 
of thyroxine the rate of oxidation of epinephrine is greatly in- 
creased, as indicated by the considerable absorption at 480 mu 
and at 300 my at the end of the 1-minute period. 

A comparable effect of thyroxine on the oxidation of epineph- 
rine was observed when tris(hydroxymethyl)aminomethane, his- 
tidine, cacodylate, glycylglycine, or phosphate buffer at pH 7.0 
was employed. Phosphate buffer was used routinely through- 
out the remainder of the study. The effect of thyroxine in- 
creased sharply at a pH above 6.0 to reach a maximum between 
7.0 and 7.5 (Fig. 2). The oxidation of epinephrine does not 
occur at a perceptible rate in the absence of peroxidase under 
the conditions employed in Fig. 3. 
roxine is present in the reaction mixture. 


This is true also when thy- 
The effect of the 
peroxidase concentration on the rate of oxidation of epinephrine 
and on the stimulation of this reaction by thyroxine is shown in 
Fig. 3. Horseradish peroxidase was employed in the foregoing 
experiments. However, a stimulation of epinephrine oxidation 
by thyroxine also was observed when a highly purified prepara- 
tion of myeloperoxidase or a crude preparation of lactoperoxidase 
was employed. 

The addition of potassium cyanide and, to a lesser extent, 
sodium azide to the reaction mixture resulted in an inhibition of 
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epinephrine oxidation by the peroxidase system both in the pres- 
ence and absence of thyroxine (Table I). Peroxidase is relatively 
resistant to heat inactivation. In initial experiments complete 
inactivation of peroxidase with respect to the oxidation of epi- 
nephrine in the presence of thyroxine was not observed even after 
heating at 100° for 10 minutes. However, this was due in part 
to the fact that peroxidase inactivated by heat regains consider- 
able activity on standing (Table I). This ‘as been reported 
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Fic. 1. Effect of thyroxine on the oxidation of epinephrine by 
horseradish peroxidase. The reaction mixture contained 120 
umoles of Sorensen’s phosphate buffer, pH 7.0; 100 ug. of horse- 
radish peroxidase; 0.5 umole of epinephrine and water to a final 
volume of 3.0 ml. Cuvette a did not contain thryoxine whereas 
cuvette b contained 0.1 umole of sodium-t-thyroxine. The ab- 
sorption spectra of the solutions is indicated by the broken lines. 
The absorption spectra were determined again beginning exactly 
1.0 minute after the addition of 1.0 umole of hydrogen peroxide 
(solid lines). The spectra were obtained with a Cary M11 re- 
cording spectrophotometer scanning from 750 my to 220 mu at a 
rate of 5 my per second. The blank contained all components ex- 
cept epinephrine and thyroxine. Temperature 25°. 
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Fig. 2. Effect of pH. The conditions are those described for 
Fig. 1, except that the potassium phosphate buffer was varied to 
produce the final pH values indicated. Solutions indicated by 
O——O contained 0.05 umole of sodium-.-thyroxine whereas 
those represented by @ @ did not contain thyroxine. Hy- 





drogen peroxide (1.0 ymole) was added to start the reaction and 
the optical density change per minute was determined at 300 mu. 
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Fic. 3. Effect of peroxidase concentration. The conditions are 
those described for Fig. 2 except that potassium phosphate buffer, 
pH 7.0, was employed and the peroxidase concentration was varied 
as indicated. Solutions indicated by O——O contained 0.05 
umole of sodium-L-thyroxine whereas those represented by 
@——@ did not contain thyroxine. 


TaBLe I 
Inhibition of oxidation of epinephrine by 
H202-peroxidase-thyroxine system 

The conditions are those described for Fig. 2 except that phos- 
phate buffer, pH 7.0, was employed. In (a) sodium azide or 
potassium cyanide was added to the reaction mixture to the final 
concentration indicated. In (b) the stock peroxidase solution 
(0.1 per cent) was preheated for 5 minutes at 100°, immediately 
cooled, and allowed to stand at room temperature for the periods 
indicated. In (c), the stock peroxidase solution was dialyzed 
against distilled water at room temperature and in (d) the peroxi- 
dase solution was stored at room temperature for the periods in- 
dicated. Sodium-.-thyroxine was added where indicated at a 
concentration of 0.05 umole per cuvette. 








| Optical density change 
per minute at 300 mp 





Treatment sae we — 
Without With 
| thyroxine | thyroxine 
SECTOR LEST AAI 0.160 | 0.800 
(a) Sodium azide 1 X 107? o.. 0.120 0.670 
Potassium cyanide 1 X 10-3 M 0.060 0.220 
(b) Heat followed by storage for 3 min. 0.020 0.100 
10 min....} 0.024 | 0.100 
30 min....| 0.038 0.155 
Pee... 3: 0.046 0.196 
2.5 hr. | 0.064 | 0.256 
6.5 hr......| 0.100 | 0.375 
17 hr. | 0.120 | 0.440 
41 hr......| 0.120 | 0.444 
(c) Dialysis for 1 hr.... 0.160 0.800 
oie... 0.164 0.808 
Cie... +. ....| 0.162 | 0.796 
12 hr... | 0.152 0.760 
24 hr. . | 0.138 | 0.650 
48 hr... ; |} 0.088 0.420 
(d) Storage for 24 hr..... , ....| 0.160 0.800 


48 hr..... 
(i 


0.150 0.780 
0.150 0.720 











Septen} 


previou 
(7). I 
distillec 
rine (T 
associat 
enzyme 
in this s 
the stoe 
hours at 
tivity. 
inhibitic 
tem was 
The 
favored 
in the 
drogen 
ducing € 
system 
stimulat 
in the p1 
of gluco 
peroxide 
dase act 
(Fig. 4) 
The « 
epineph 
number 
and in t 
the rate 
system 
highly | 
activity 
though 
siderab! 
ticular 
number 
parent | 
The | 


<s mrRARAA OAM Mir 


Aroawttiawt aAaawwews 


Fic. 
ditions 
pH 7.0, 
Was va 
tained ( 


ye 








are 
fer, 
ried 
0.05 

by 


hos- 
e or 
final 
tion 
tely 
iods 
yzed 
“OXi- 
3 in- 
at a 











September 1959 


previously by Gallagher (6) and by Herrlinger and Kiermeier 
(7). Dialysis of the enzyme preparation for 12 hours against 
distilled water had no effect on the rate of oxidation of epineph- 
rine (Table 1). However, more extensive dialysis, which was 
associated with some protein precipitation, did result in a fall in 
enzyme activity. The myeloperoxidase preparation employed 
in this study was dialyzed for 24 hours before use. Storage of 
the stock horseradish peroxidase solution (0.1 per cent) for 72 
hours at room temperature resulted in a 10 per cent loss of ac- 
tivity. It should be noted that, in all instances, the degree of 
inhibition by these procedures in the thyroxine-stimulated sys- 
tem was comparable to that observed in the absence of thyroxine. 

The oxidation of epinephrine by horseradish peroxidase was 
favored by a low concentration of added hydrogen peroxide both 
in the presence and absence of thyroxine (Fig. 4). Added hy- 
drogen peroxide may be replaced by a hydrogen peroxide-pro- 
ducing enzyme system. The effect of the glucose-glucose oxidase 
system is shown in Fig. 5. Under the conditions employed the 
stimulation of epinephrine oxidation by thyroxine was greater 
in the presence of 10 wmoles of glucose and optimal concentrations 
of glucose oxidase than in the presence of 10 wmoles of hydrogen 
peroxide. This is probably a result of the inhibition of peroxi- 
dase activity by high concentrations of added hydrogen peroxide 
(Fig. 4). 

The effect of the thyroxine concentration on the oxidation of 
epinephrine by the peroxidase system is shown in Fig. 6. A 
number of thyroxine analogues varying in their iodine content 
and in the composition of their side chain were found to increase 
the rate of epinephrine oxidation by the horseradish peroxidase 
system (Table Il). The deiodinated derivative thyronine was 
highly active in this regard. Tyrosine had no demonstrable 
activity at the concentrations employed whereas diiodotyrosine, 
though inactive at a concentration of 1.7 * 10-5 M showed con- 
siderable activity at a concentration of 3.3 x 10-*m. Of par- 
ticular interest was the observation that the methyl] ether of a 
number of analogues was inactive under conditions in which the 
parent compound was active. 

The relative effect of the various thyroxine analogues on the 
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H202 (moles/cuvette) 
Fig. 4. Effect of hydrogen peroxide concentration. The con- 
ditions are as described in Fig. 2 except that phosphate buffer, 
pH 7.0, was employed and the hydrogen peroxide concentration 


was varied as indicated. Solutions indicated by O——O con- 
tained 0.05 umole of sodium-.-thyroxine whereas those represented 
by @——@ did not contain thyroxine. 
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Fic. 5. Effect of the glucose-glucose oxidase system. The con- 
ditions are as described in Fig. 2 except that phosphate buffer, 
pH 7.0, was employed and the hydrogen peroxide was replaced by 
the glucose-glucose oxidase system. Ten umoles of glucose were 
employed and the amount of glucose oxidase was varied as indi- 
cated. Solutions indicated by O——O contained 0.05 umole of 
sodium-L-thyroxine whereas those represented by @——®@ did 
not contain thyroxine. The effect of replacing the glucose-glucose 
oxidase system by 10 umoles of hydrogen peroxide is indicated by 
the arrows (broken arrow, with thyroxine; solid arrow, without 
thyroxine). 
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Fic. 6. Effect of thyroxine concentration. The conditions are 
as described in Fig. 2 except that phosphate buffer, pH 7.0, was 
employed. The thyroxine concentration was varied as indicated. 
The results are expressed as the optical density change per min- 
ute above that of a control which did not contain thyroxine. 


oxidation of epinephrine by the H»Os-peroxidase system may 
vary with the type of peroxidase employed. Table III compares 
the effect of L-thyroxine, 3,3’ ,5-triiodo-L-thyronine, 3 , 5-diiodo- 
L-thyronine, and pt-thyronine on the oxidation of epinephrine by 
horseradish peroxidase and myeloperoxidase. It should be noted 
that thyronine and diiodothyronine had no effect in the presence 
of myeloperoxidase under the conditions employed in Table III. 
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TABLE II 
Effect of thyroxine analogues 
The reaction mixture contained 120 umoles of phosphate buffer, 
pH 7.0; 50 ug. of horseradish peroxidase; 0.5 umole of p(—)-epi- 
nephrine; thyroxine and thyroxine analogues in the amounts indi- 
cated; and water to a final volume of 3.0 ml. 
started by the addition of 1.0 umole of H2Os.. - 


The reaction was 





Optical 
| density 
Thyroxine analogues Amount | change per 
minute at 
300 my 
_ °° 2. | males! 
cuvette | 
None.. es ; oh ; ain 0.100 
L-Thyroxine. . ....| 0.05 | 0.424 
3,3’,5-Triiodo-L-thyronine. .... coo) CS | 0.446 
3,3’,5-Triiodothyronine methyl ether. ...... 0.05 | 0.104 
3,3’,5-Triiodothyronine methyl] ether. ae 0.10 | 0.104 
3’,5’-Triiodo-pL-thyronine .| 0.05 0.520 
3,5-Diiodo-L-thyronine a2) 0.148 
3,5-Diiodo-L-thyronine. .. .....| 0.10 | 0.190 
3,5-Diiodo-L-thyronine.... .e++e-| 0.20 | 0.275 
3’,5’-Dibromo-3-iodo-pL-thyronine eof O.06 | 0.480 
pL-Thyronine.... 0.05 0.535 


3,3’,5-Triiodothyropropionic acid 0.05 | 0.676 
3,3’,5’-Triiodothyropropionic acid... 0.05 0.865 


3,3',5,5/- Tetraiodothyropropionic : ~~ on | 0.05 0.750 
| 
; Aaa? : ae - pe 
3-Aminothyropropionie acid.................. | 0.05 | 0.350 


3-Aminothyropropionic acid methyl ether | 

ethyl ester........... Soca ices SS 4. CR 
3-Aminothyropropionic acid methyl ether | | 

ethyl ester re b ..| 0.5 | 0.096 
3-Aminothyropropionic acid _— ether | 

ethyl ester........... Sessavcnet 2 | O00 
3,3’,5,5’-Tetraiodothyroacetic ac id. ee | 0.710 
3,3’,5-Triiodothyroacetic acid. ... .| 0.05 0.715 
3,3’,5-Triiodothyroacetic acid methyl ether. | 0.05 | 0.100 
3,3’,5-Triiodothyroacetic acid methyl ether..| 0.5 | 0.100 

5-Diiodothyroacetic acid................... | 0.05 | 0.136 
3,5-Diiodothyroacetic acid iastvvcsves| Ve | Se 
3,5-Diiodothyroacetiec acid. . ree Mm 0.345 
3,5-Diiodothyroacetic acid methyl ether ee 0.05 | 0.095 
3,5-Diiodothyroacetie acid methyl ether..... 0.5 | 0.095 
3,5-Diiodothyroacetie acid methyl ether.... 1.0 | 0.100 
3,5-Diiodothyroacetic acid methyl ether......| 2.0 0.095 
3,5-Diiodo-L-tyrosine....... cate tee 0.05 0.100 
3,5-Diiodo-L-tyrosine Oe ee eee 0.5 0.256 
3,5-Diiodo-L-tyrosine.............. Pee | 0.360 
A ee Oe erie te ee |; 0.05 | 0.095 
L-Tyrosine. . Barer etanie tietiac Melee eee 0.5 0.100 
L-Tyrosine.... vem Peraeed os 1.0 0.095 





With the particular peroxidase preparations employed, the rates 
of reactions catalyzed by myeloperoxidase and thyroxine tended 
to decrease more rapidly than the same reactions catalyzed by 
horseradish peroxidase and thyroxine. The influence of the 
purity of the peroxidase preparation requires further elucidation. 


Oxidation of Other Hydrogen Donors 


Thyroxine was found to stimulate the oxidation of a number 
of hydrogen donors by the H.O+-horseradish peroxidase system, 
in addition to p(—)-epinephrine. These include L(+)-epineph- 
rine, DL-norepinephrine, sodium catechol disulfonate, pL-B-3 ,4- 
dihydroxyphenylalanine, and uric acid (Table IV). Thyroxine 
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was also found to stimulate the oxidation of these hydrogen 
donors by the H.O2-myeloperoxidase system. 

Thyroxine has an inhibitory effect on the Cu*+ catalyzed 
aerobic oxidation of ascorbic acid and a stimulatory effect on the 
oxidation of ascorbic acid by a purified preparation of ascorbic 
acid oxidase (8,9). Under the conditions employed in Table V, 


Tase III 
Comparison of horseradish peroxidase and myeloperoxidase 
The conditions are as described in Fig. 2 except that phosphate 
buffer, pH 7.0, The amount of thyroxine and 
thyroxine analogues employed was 0.1 umole per cuvette. The 
amount of myeloperoxidase employed was that which catalyzed 
the oxidation of epinephrine in the absence of thyroxine at a 
rate equal to tha at t produced by 100 ug. of horsers adish peroxidase. 


was employed. 




















Optical density change per 
minute at 300 my 





| 
Supplement | 
| 


‘eroidase Myeloperoxidase 
None Pe ee eer a | 0.160 0.160 
L-Thyroxine | 0.800 1.440* 
3,3’,5-Triiodo-L-thyronine | 1.040 0.600* 
3,5-Diiodo-t-thyronine... | 0.330 0.156 
read kata 1.590 0.150 





* These values are estimates 5 based on the change in optical 
density from the 20 to 30 second period since the decrease in the 
rate of epinephrine oxidation with time was appreciable. 


TaBLe IV 

Effect of thyroxine on oxidation of number of hydrogen donors 

The reaction mixture contained 120 umoles of phosphate buffer, 
pH 7.0, the various hydrogen donors, horseradish peroxidase, and 
thyroxine in the amounts indicated and water to a final volume 
of 3.0 ml. The reaction was started by the addition of 1.0 umole 
of H:O2 and the optical density change per minute was deter- 
mined at the wave length indicated. 





Optical density change per 


minute 
Hydrogen donor Pyost- | Ware aes 
No thy- | ine 0.01 | ine, 0.1 
roxine pmole/ | umole 
cuvette | cuvette 
oanite | ™ 
p(—)-Epinephrine, 0.5 
pmole/cuvette 100 300 0.160 | 0.390 | 0.800 
L(+)-Epinephrine, 0.5 
umole/cuvette. . | 100 300 | 0.180 | 0.340 | 0.616 
pL-Norepinephrine, 0.5 | 
pmole/cuvette a 100 290 | 0.070 | 0.160 | 0.390 
Sodium catechol disulfo- | 
nate, 0.5umole/cuvette.! 100 430 | 0.020 | 0.065 | 0.360 
pL-B-3,4-Dihydroxyphen- 
ylalanine, 0.5 pmole/ | 
cuvette ore 100 305 | 0.040 | 0.100 | 0.380 
Urie acid, 0.15 umole/ 
cuvette | 100 290 | 0.050 | 0.270 | 0.720 
Pyrogallol, 0.5 umole/ | 
cuvette. ; | 440 | 0.590 | 0.580 | 0.550 
Guaiacol, 0.5 wmole/cu- | 
vette. . nA 50 420 | 0.580 | 0.580 | 0.520 
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thyroxine was found to decrease the rate of autoxidation of as- 
corbic acid, but to increase greatly the rate of oxidation of as- 
corbic acid by the peroxidase system. A similar effect was ob- 
served when myeloperoxidase was substituted for horseradish 
peroxidase. The stimulatory effect of thyroxine on the oxida- 
tion of ascorbic acid by the horseradish peroxidase system was 
onfirmed by 2,6-dichlorophenolindophenol titration (Fig. 7). 
When a reaction mixture which contains both epinephrine and 
sscorbie acid is oxidized by peroxidase, a lag period occurs at 
the end of which the red color of adrenochrome appears (10). 
Because the absence of color is a result of the reduction of the 
xidation product of epinephrine by ascorbic acid, the length of 


TABLE V 
Effect of thyroxine on oxidation of ascorbic acid 

The reaction mixture contained 120 umoles of phosphate buffer, 
pH 7.0; water to a final volume of 3.0 ml; and the additions as 
follows: ascorbic acid, 0.4 wmole; horseradish peroxidase, 100 ug.; 
wodium-L-thyroxine, 0.1 umole; H2Oe, 1.0 umole. The rate of fall 
in optical density at 265 mu was determined with a Cary M11 
recording spectrophotometer. 
nents except ascorbic acid. 


The blank contained all compo- 





Optical 
Additions density change 
r “ per minute 
at 265 mp 
Ascorbie acid ent Mas aaters ree men Ts te. 0.080 
Ascorbic acid + peroxidase..... et mensbeaee ores a | 0.080 
\scorbic acid + peroxidase + H2O:2................ | 0.340 
Ascorbic acid + peroxidase + thyroxine............ 0.010 
Ascorbic acid + peroxidase + HO. + thyroxine... 0.800 
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Fic. 7. Effect of thyroxine on the oxidation of ascorbic acid as 
determined by 2,6-dichlorophenolindophenol titration. Into 
%-ml. Erlenmeyer flasks were placed 120 umoles of phosphate 
buffer, pH 7.0; 2.0 umoles of disodium versenate; 100 ug. of horse- 
tadish peroxidase; 10 wmoles (1760 ug.) of ascorbic acid; thyroxine 
ss follows: @ @, none; O——O, 0.01 umole; A——A, 0.1 
umole; A A, 0.2 umole; X——X, 0.3 umole; and water to a 
inal volume of 3.0 ml. Hydrogen peroxide (20 umoles) was added 
it zero time, the flasks were incubated at 37° for the times indi- 
tated and the ascorbic acid content of each flask was determined 
by 2,6-dichlorophenolindophenol titration. 
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Fic. 8. Effect of thyroxine on the oxidation of ascorbic acid by 
the peroxidase system as indicated by the appearance of adreno- 
chrome. The reaction mixture contained 120 wmoles of phosphate 
buffer, pH 7.0; 2.0 umoles of disodium versenate; 0.1 ml. of a 1:1000 
solution of epinephrine (Adrenalin, Parke, Davis); 0.1 umole of 
ascorbic acid; 100 wg. of horseradish peroxidase; thyroxine as 
follows: B——48, none; O O, 0.001 umole; A A, 0.002 
pmole; A A, 0.01 umole; X X, 0.02 umole; O O, 0.1 
umole; @——@, 0.2 umole; and water to a final volume of 3.0 ml. 
Hydrogen peroxide (1.0 umole) was added at zero time and the 
absorption at 480 my was determined in a Beckman DU spectro- 
photometer. The blank contained all components except epi- 
nephrine. 


the lag period is a measure of the time required for the complete 
oxidation of ascorbic acid. Under the conditions employed in 
Fig. 8 the lag period was approximately 50 minutes in the ab- 
sence of thyroxine. The addition of thyroxine to the reaction 
mixture greatly decreased the lag period. Thus, at the highest 
thyroxine concentration employed (6.7 < 10-° mM) the lag period 
was reduced to 3 minutes. Because the end point can be ob- 
served visually this is a very simple method for the demonstra- 
tion of the thyroxine effect on the peroxidase system. 

It is of interest that thyroxine had no apparent stimulatory 
effect on the oxidation of pyrogallol or guaiacol by the horserad- 
ish peroxidase system under the conditions employed in Table 
The 
absence of a thyroxine effect on pyrogallol oxidation was con- 
firmed by the determination of the latter by a modification (11) 
of the purpurogallin test. 


IV. Similar results were observed with myeloperoxidase. 


DISCUSSION 


There is considerable evidence to suggest that, in the intact 
animal, a relationship exists between the action of thyroxine and 
that of the sympathoadrenal hormones, epinephrine and nor- 
epinephrine (see (12) and (13) for an extensive bibliography). 
The present paper describes a biochemical relationship between 
these substances, 7.e. a stimulation by thyroxine of the oxidation 
of epinephrine and norepinephrine by the peroxidase system. 
However, the effect of thyroxine on peroxidatic reactions is by 
no means restricted to the sympathoadrenal hormones. The 
oxidation of dihydroxyphenylalanine, sodium catechol disulfo- 
nate, uric acid, and ascorbic acid is accelerated by thyroxine. 
An effect of thyroxine has been found on reactions catalyzed by 
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horseradish peroxidase, myeloperoxidase, and lactoperoxidase. 
Thus a general relationship between thyroxine and peroxidatic 
reactions is indicated. However, this relationship does not ap- 
pear to apply to all peroxidatic reactions. Under the conditions 
employed here, the rate of oxidation of pyrogallol and guaiacol 
by horseradish peroxidase and by myeloperoxidase is not in- 
creased by thyroxine. 

The stimulatory effect of thyroxine is shared by a number of 
thyroxine analogues, many of which have greater activity than 
does thyroxine under the conditions employed. These include 
the acetic acid and propionic acid analogues. The deiodinated 
derivative, thyronine, is also highly active under certain condi- 
tions. Many of the analogues which have been found to be 
highly active in the stimulation of the oxidation of epinephrine 
by the H,0,-horseradish peroxidase system have little or no 
thyroxine-like activity in the intact mammalian organism. The 
role of the type of peroxidase and the type of hydrogen donor on 
the relative stimulatory effect of the various analogues is under 
study. 

Thyroxine is a phenolic substance which is oxidized by horse- 
radish peroxidase and hydrogen peroxide (14). The importance 
of the phenolic group in the reaction studied here is suggested by 
the observation that the methyl ether of an analogue is inactive 
under conditions in which the parent compound is active. There 
are numerous examples in the literature of the stimulation of 
peroxidatic reactions by phenolic substances. One example, 
that involving the oxidation of ascorbic acid by peroxidase, has 
been extensively investigated. Szent-Gyérgyi (10) in 1928 re- 
ported that, under the conditions of his experiments, the oxida- 
tion of ascorbic acid occurred only if a phenolic substance was 
present as a catalyst. It was suggested that the phenol was 
initially oxidized to the corresponding quinone and that the 
quinone was subsequently reduced by ascorbic acid. These 
investigations were extended by Tauber (15) and further clarified 
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by Chance (16). The latter investigator demonstrated the di- 
rect oxidation of ascorbic acid by the peroxidase-H.O2 complex, 
This oxidation was found to be stimulated both by phenols which 
are capable of forming quinones and by phenols which are not 
known to form quinones. In the latter instance it was suggested 
that ascorbic acid is oxidized by reaction with free radicals formed 
in the oxidation of the phenol. Thyroxine or a degradation 
product of thyroxine may act in a similar fashion, that is by 
means of a cyclic oxidation and reduction involving the phenolic 
hydroxyl group, to facilitate the oxidation of a number of hydro- 
gen donors by the peroxidase-H.O2 enzyme substrate complex. 


SUMMARY 


The oxidation of p(—)-epinephrine, L(+)-epinephrine pi- 
norepinephrine, sodium catechol disulfonate, pi-8-3 ,4-dihydrox- 
yphenylalanine, uric acid, and ascorbic acid by the horseradish 
peroxidase-hydrogen peroxide system, was greatly stimulated 
by thyroxine. On the other hand, guaiacol and pyrogallol oxi- 
dation appeared to be unaffected by thyroxine under similar 
conditions. 

The effect of thyroxine on the oxidation of p(—)-epinephrine 
was maximal at a pH of about 7.0. The reaction was inhibited 
by potassium cyanide, sodium azide, excess hydrogen peroxide 
or by heat inactivation of the enzyme. Horseradish peroxidase 
could be replaced by myeloperoxidase; hydrogen peroxide by a 
hydrogen peroxide-producing enzyme system such as glucose- 
glucose oxidase; and thyroxine by a number of thyroxine ana- 
logues. The conversion of an active thyroxine analogue to its 
methyl] ether resulted in a loss of activity. 
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The results presented here are part of a study of pentose 
ynthesis in Alcaligenes faecalis. The mechanism of pentose 
synthesis is of interest since the organism can synthesize pentose 
from acetate, but cannot use hexoses for growth (1). In the 
course of the investigation into the enzymes associated with 
this synthesis, glyceraldehyde phosphate dehydrogenase activity, 
vith either triphosphopyridine nucleotide or diphosphopyridine 
aucleotide as coenzyme, was observed. The activity of the 
eazyme with triphosphopyridine nucleotide as coenzyme sug- 
gested that this enzyme was different from the yeast and muscle 
dehydrogenases, but similar to the plant triphosphopyridine 
nucleotide-linked enzyme. This paper describes the purification 
and properties of the glyceraldehyde 3-phosphate dehydrogenase 
from A. faecalis. 


EXPERIMENTAL 


Chemicals—Fructose-DP! was purchased from the Sigma 
Chemical Company and was purified (2). TPN and DPN 
95 per cent pure), aldolase (5 times crystallized), glutathione 
reductase, alcohol dehydrogenase, and oxidized glutathione were 
also purchased from the Sigma Chemical Company. DEAE- 
ellulose was obtained from the Eastman Kodak Company. 
»-Glyceraldehyde 3-phosphate, 95 to 100 per cent pure when 
assayed enzymatically (3), was a gift from Dr. Leo Hall of the 
Department of Biochemistry at the University of Virginia. 
Calcium phosphate gel was prepared according to the procedure 
{ Keilin and Hartree (4). 

Assays for Glyceraldehyde-3-P Dehydrogenase—The assay 
system used to test for enzymatic activity during the purification 
f the enzyme contained 10 wmoles of fructose-DP, 51 wmoles 
ff NaJgHAsO,-7H.O, 60 umoles of cysteine, 81 umoles of glycine, 
(5 umole of TPN or DPN, 100 ug. of aldolase, the enzyme 
preparation to be tested, and water to 3 ml. in a quartz spectro- 
photometer cuvette (5). The final pH was 7.8. Before the 
addition of the aldolase, the system was incubated for 5 minutes. 
There was no change in optical density at 340 my on the Beck- 
man DU spectrophotometer during this time. After the addi- 
tion of the aldolase, the increase in optical density at 340 mu 


*This research was supported in part by research grant A907 
from the Institute of Arthritis and Metabolic Diseases, United 
States Public Health Service. 

t Fellow of The National Foundation. 

‘The abbreviations used are: fructose-DP, fructose 1 ,6-diphos- 
| hate; EDTA, ethylenediaminetetraacetate. 
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was recorded every 15 seconds for a period of at least 2 minutes 
as an indication of glyceraldehyde-3-P dehydrogenase activity. 

The characteristics of the purified enzyme were studied with 
glyceraldehyde-3-P as substrate. The specific assay systems 
used are outlined under the appropriate sections in ‘Results.” 
In each case, after 2} minutes of incubation, the reaction was 
initiated with the addition of substrate. 

A unit of enzyme is that amount of enzyme which caused 
an increase in optical density at 340 my of 0.001 per minute. 
Specific activity is expressed as units per mg. of protein. Protein 
concentration was determined according to Warburg and Chris- 
tian (6). 

Growth of Cells and Preparation of Crude Extracts—Cultures 
of A. faecalis were grown in 1 liter amounts in Fernbach flasks 
at 28-30° on a rotary action flask shaker (New Brunswick 
Scientific Company, model V) at 375 oscillations per minute 
for 18 hours in medium, at pH 8.5, containing 0.1 percent NH,Cl, 
0.1 per cent K:HPO,, 0.05 per cent MgSO,-7H.0, 0.01 per cent 
yeast ¢xtract, 0.6 per cent sodium acetate, and 1 per cent mixture 
of metal salts (7). 

The cells were collected by centrifugation at 3° and washed 
once with 0.001 m EDTA, pH 8. Twelve grams wet weight of 
bacteria (from 3 |. of culture) were suspended in 65 ml. of 0.001 
m EDTA, pH 8, and disrupted by sonic oscillation for 15 minutes 
in a 10 ke. Raytheon sonic oscillator. The material was centri- 
fuged for 30 minutes at 20,000 x g. The cells were resuspended 
in 60 ml. of 0.001 m EDTA, again disrupted by sonic oscillation, 
and centrifuged. The supernatant fluids were pooled. The 
extract was diluted with 0.001 m EDTA to a concentration of 
about 10 mg. protein per ml. 
were performed below 5°. 

Purification of Glyceraldehyde-3-P Dehydrogenase—Ammonium 
sulfate (3.75 m, pH 8) was added with stirring to the crude 
extract to a final concentration of 1 m. The precipitate was 
removed by centrifugation for 30 minutes at 20,000 x g and 
discarded. To the supernatant fluid, 0.2 volume of protamine 
(2 per cent solution, pH 5) was added. The solution was 
dialyzed for 12 hours against 12 1. of 0.001 m EDTA, pH 8. 
After removal of the precipitated nucleic acids by centrifugation, 
the supernatant fluid was adjusted to a final concentration of 
2.3 M with solid (NH4) 250, and to pH 8 with 5 m NH,OH, and 
was stirred for 30 minutes. After centrifugation, the superna- 
tant fluid was brought to a final concentration of 3.0 m with 
solid (NH,4)2SO, and the pH was adjusted to 8 as before. The 


All of the purification procedures 
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Fig. 1. Chromatography of the enzyme preparation on DEAE-cellulose. 
the shaded area refers to units of activity with TPN as coenzyme. 


TABLE [ 
Purification of glyceraldehyde 3-phosphate dehydrogenase 
Assay system: 10 umoles of fructose-DP, 51 umoles of NasHAsO,: 
7H:0, 60 umoles of cysteine, 81 wmoles of glycine, 0.5 umole of 
TPN or DPN, 100 ug. of aldolase, enzyme to be tested, water to 
3 ml. (Units represent activity with TPN, except where desig- 
nated.) 


Total units 





Step aran waves aA ue 
TPN DPN 

Crude extract...... 330 40 | 66,000 
Protamine treatment. 150 50 | 57,400, 5,600 1.3 
3 mM (NH,).SO, precipita- | 

eee aie ; | 5,800 320 | 58,000) 6,000 8 
Dialysis....... 3,500 | 270 | 51,800 5,600! 7 
Ca;(PO,4)2 gel treatment... .| 1,800 950 | 46,800 4,500) 24 
Dnlyeis...... 25... ‘ 1,400 900 | 35,100) 3,600) 22 
DEAE-cellulose  chroma- | 

tography... | 270 | 5,800 | 34,500, 3,500) 145 


material was centrifuged. The supernatant fluid was discarded 
and the precipitate was resuspended in 10 ml. of 0.001 m EDTA, 
pH 8. The enzyme preparation was dialyzed for 2} hours 
against 6 1. of 0.005 m potassium phosphate buffer containing 
0.005 m cysteine, pH 8. After dialysis the enzyme preparation 
was 0.08 m with respect to (NH,) SO, (8). 

The material was thawed after storage overnight at —28°, 
and an equal volume of 0.0001 m cysteine, pH 7.5, was added. 
After adsorption of 26 ml. of enzyme (150 mg. protein) with 
41.6 ml. of Cas(PO,)2 gel (6.8 mg. dry weight per ml.), the mate- 
rial was centrifuged. The supernatant fluid was discarded. 
The gel was extracted with stirring for 15 minutes with 26 ml. 





The open area refers to optical density at 280 my, and 
The assay system is described in ‘“‘Experimental.”’ 


of 0.1 mM potassium phosphate buffer, pH 7.5. After centrifuga 
tion, the gel was discarded. The supernatant fluid was dialyzed 
for 2 hours against 6 |. of 0.005 m phosphate buffer containing 
0.003 m cysteine, pH 8. 

Chromatography of Enzyme Preparation—The procedure used 
was similar to that described by Ginsburg (9). An aqueous 
slurry of 3 gm. of DEAE-cellulose was packed with 1 pound 
pressure into a glass column 2 XK 20 cm. The column was 
washed with 200 ml. of 0.2 m potassium phosphate buffer, pH 
7.5, containing 0.0001 m cysteine, followed by washings with 200 
ml. of water. The sample was adsorbed onto the column. The 
adsorbed enzyme was eluted from the column with 0.005 » 
potassium phosphate buffer containing increasing amounts of 
NaCl. A reservoir and two mixing flasks were used to give a 
linear increase from 0 to 0.2 M NaCl going through the column? 
Approximately 13 ml. fractions were collected. Samples were 
assayed for protein concentration and glyceraldehyde-3-P 
dehydrogenase activity with both TPN and DPN. The elution 
pattern is shown in Fig. 1. The results of the purification proce- 
dure are outlined in Table I. 

Because of the presence of cysteine in the assay system, a 
linear rate of enzymatic activity was not obtained with glycer- 
aldehyde-3-P as substrate. This observation was probably due 
to the decrease in the amount of available glyceraldehyde-3-P 
by its interaction with cysteine. When fructose-DP and aldolase 
were used as a continuous source of glyceraldehyde-3-P, the 
effect of cysteine was not apparent. Because of the disappear- 
ance of substrate by other than enzymatic means, measurements 
of optimum substrate and coenzyme concentrations were not 
accurate using the cysteine-requiring enzyme. 

It was observed that if all reagents were prepared in glass 


2R. W. McGilvery, unpublished procedure. 
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distilled water, the enzyme did not require cysteine through the 
steps of purification involving (NH4) SO, precipitations. How- 
ever, even with this precaution, treatment with Ca;(PO,)e gel 
and cellulose chromatography gave poor yields, and resulted in 
a cysteine requirement of the enzyme. The degree of purity of 
the glyceraldehyde-3-P dehydrogenase was, therefore, sacrificed 
for a cysteine-free system with which to study the characteristics 
of the enzyme. The purification of the enzyme was the same 
as described above, through the (NH,) SO, precipitations. The 
enzyme was dialyzed for 2} hours against 6 1. of 0.005 m potassium 
phosphate buffer, pH 8. 

To remove triosephosphate isomerase, the preparation (20 ml., 
containing 120 mg. of protein) was treated for 10 minutes with 
14 ml. of Cas(POx,)2 gel (6.8 mg. per ml.) and centrifuged. The 
gel was discarded. The supernatant fluid, free from triose- 
phosphate isomerase and containing 445 units of glyceraldehyde- 
3-P dehydrogenase activity per mg. of protein, was used for the 
described studies. 


RESULTS 


pH Optimum—The enzyme has a pH optimum of 9.0 (Fig. 2). 
Potassium phosphate buffer was used to study the activity at 
pH 6 to 7; glycylglycine, at pH 7 to 9; sodium barbital, at pH 
8.5 to 9.5; and glycine, at pH 9 to 10.5. Arsenate solutions were 
adjusted to the desired pH before addition to the reaction mix- 
tures. 

Glutathione Requirement—Although the TPN-enzyme had 
maximum activity in the absence of glutathione with fructose- 
DP and aldolase, it was only half as active with glyceraldehyde- 
3-P as substrate. The final concentration of glutathione re- 
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Fic. 2. pH optimum of glyceraldehyde-3-P dehydrogenase. 


The assay system contained 20 wmoles of buffer, 17 wmoles of 
NasHAsO,-7H;0, 0.3 umole of glyceraldehyde-3-P, 0.19 umole of 
TPN, 73 wg. of protein, HO to 1 ml. X, potassium phosphate 
buffer; O, glycylglycine buffer; @, sodium barbital buffer; A, 
glycine buffer. 
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Fic. 3. Effect of glutathione on enzymatic activity. 
system contained 20 umoles of glycine buffer (pH 9.0), 17 wmoles 
of NasHAsO,-7H,O (pH 9.0), 0.3 umole of glyceraldehyde-3-P, 
0.19 umole of TPN, 37 ug. of protein, varying amounts of gluta- 
thione, H.O to 1 ml. 


The assay 
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Fic. 4. Dependence of glyceraldehyde-3-P dehydrogenase ac- 
tivity on arsenate or phosphate concentration. The assay system 
contained 15 uwmoles of fructose-DP, 30 ug. of aldolase, and 18 yg. 
of protein. Arsenate and phosphate concentrations were as indi- 
cated. 


quired in the latter system for maximum activity was about 
0.0017 m (Fig. 3). 

As mentioned in “Experimental,” a linear rate of enzymatic 
activity could not be observed in the presence of glutathione or 
cysteine. Therefore, although maximum activity was obtained 
with glutathione present, the studies of enzymatic activity were 
performed in the absence of glutathione. 

Arsenate Requirement—For maximum activity of the glycer- 
aldehyde-3-P dehydrogenase, arsenate was required in a final 
concentration of 0.014 m (Fig. 4). Phosphate did not fully 
replace the requirement for arsenate since maximum enzymatic 
activity was 80 per cent of that with arsenate. Furthermore, 
3.7 times more phosphate than arsenate was required to attain 
maximum activity (Fig. 4). 

Substrate Concentration—When the enzyme was assayed with 
either DPN or TPN as coenzyme, the point of maximum en- 
zymatic activity was reached in both cases at a final concentra- 
tion of 0.0003 m glyceraldehyde-3-P (Fig. 5). The relative 
rates of activity with DPN and TPN as shown in Fig. 5 are not 


indicative of the enzyme-coenzyme affinity, since more enzyme 
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was used in the assay with DPN than in that with TPN, and 
DPN was not supplied in optimum amounts. 

Coenzyme Requirement—In the crude extract a very active 
DPNH oxidase (1) prevented detection of glyceraldehyde-3-P 
dehydrogenase activity with DPN as coenzyme. After the 
protamine treatment, there was no DPNH oxidase activity, 
and activity with DPN was measureable. It was observed 
throughout the purification procedures (Table I) that enzymatic 
activity with TPN was about 10 times greater than with DPN 
under the conditions of the assay. Between 0.01 and 0.013 
pmole of TPN per ml. of assay mixture was required for maxi- 
mum activity, whereas about 1.1 umoles of DPN were required 
(Fig. 6). With an increase in the amount of DPN beyond 1.1 
pmoles, enzymatic activity was inhibited. 

Inhibition with Iodoacetate—To study the sensitivity of the 
dehydrogenase to iodoacetate, an aliquot of the enzyme prepara- 
tion (before gel treatment) was incubated with iodoacetate and 
fructose-DP for 2} minutes before initiation of the reaction with 
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Fig. 5. Effect of glyceraldehyde-3-P concentration on dehy- 
drogenase activity. O, assay system same as Fig. 3 with 0.25 
umole of TPN and 54 ug. of protein; @, assay system same as Fig. 
3 with 0.27 umole of DPN and 116 ug. of protein. Glutathione was 
omitted, and glyceraldehyde-3-P (GAP) concentration was varied. 
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cent by a final iodoacetate concentration of 9 xX 10-5 M, and 
was completely inhibited by a final concentration of 1.8 x 10-*y, 
The inhibition was not reversed by the addition of 1 to 10 wmoles 
of glutathione. 

Characteristics of Activity—The possibility of contamination 
of one coenzyme with the other, and the possibility of enzymatic 
conversion of one coenzyme to the other were eliminated by the 
following assays. Glyceraldehyde-3-P dehydrogenase from 
A. faecalis was incubated with TPN and limiting substrate until 
the reaction ceased (ODsi0 mz = 0.520). The subsequent addi- 
tion of oxidized glutathione and glutathione reductase (TPNH 
specific) decreased the optical density within 1 minute to 0.050, 
When acetaldehyde and alcohol dehydrogenase (DPNH specific) 
were substituted for the oxidized glutathione and glutathione 
reductase, no change in optical density was observed. However, 
with DPN as hydrogen acceptor, the addition of acetaldehyde 
and alcohol dehydrogenase caused a rapid decrease in optical 
density, whereas the addition of the oxidized glutathione and 
glutathione reductase had no effect. 


DISCUSSION 


A glyceraldehyde-3-P ‘dehydrogenase has been purified from 
A. faecalis. The enzyme is similar to the muscle and yeast 
dehydrogenases with respect to: (a) the requirement for arsenate 
or phosphate for activity, (b) the irreversible inhibition of en- 
zymatic activity with iodoacetate, and (c) the requirement for 
a sulfhydryl compound for full activity (10, 11). The pH 
optimum of 9.0 is the same as that for the muscle enzyme and 
somewhat higher than that for the yeast enzyme. The enzyme 
differs, however, from the muscle and yeast enzymes because of 
its activity with TPN as coenzyme. Three different glycer- 
aldehyde-3-P dehydrogenases have been reported in plants, 
namely a DPN-linked enzyme similar to that of muscle and 
yeast and two TPN-linked enzymes, one of which does not 
require phosphate or arsenate for activity (12-14). The enzyme 
from A. faecalis is not identical to either of the TPN-linked 
plant enzymes because it is active with both DPN and TPN and 
because it requires arsenate or phosphate for activity. There- 
fore, the enzyme appears to be of a different type, unlike the 
muscle, yeast, or plant enzymes. 

The observation that the ratio of enzymatic activity with 
TPN and DPN as coenzymes remained constant throughout the 
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Fig. 6. Effect of coenzyme concentration on dehydrogenase activity. 


pg. of protein and 0.1 ymole of glyceraldehyde-3-P were used. 


The assay system was the same as in Fig. 3, except that 110 


Glutathione was omitted and coenzyme concentration was varied. 
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purification of the enzyme suggests that one enzyme is responsible 
for both activities. Further evidence for this is the fact that 
maximum activity was reached at the same concentration of 
glyceraldehyde-3-P in both the TPN and DPN systems (Fig. 5). 
Because the enzyme requires about 100 times more DPN than 
TPN for equal and maximum activity, it is postulated that 
TPN is the “true” coenzyme for the enzyme. 


SUMMARY 


1. A glyceraldehyde phosphate dehydrogenase has been 
purified from Alcaligenes faecalis. This enzyme appears to be 
different from the muscle, yeast, and plant glyceraldehyde 3- 
phosphate dehydrogenases. 


F.N. Brenneman and W. A. Volk 
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2. The pH optimum of the enzyme is 9.0. Arsenate or phos- 
phate is required for enzymatic activity. Glutathione is re- 
quired for maximum activity. lodoacetate irreversibly inhibits 
the enzyme. 

3. The enzyme requires triphosphopyridine nucleotide (TPN) 
or diphosphopyridine iuucleotide (DPN) as coenzyme, but needs 
100 times more DPN than TPN for maximum activity. 

4. On the basis of the constant ratio of activity with TPN 
and DPN throughout purification and the almost identical 
substrate concentration curves with TPN or DPN as coenzyme, 
it is postulated that glyceraldehyde 3-phosphate dehydrogenase 
activity with both DPN and TPN is due to one enzyme in A. 
faecalis. 
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The swelling in vitro of isolated mitochondria has been ex- 
tensively studied during the last 10 years, but the literature 
reveals many discrepancies and apparent inconsistencies. For 
example, AMP has been reported to protect mitochondria against 
swelling (1, 2) and conversely to cause swelling (3). Similar 
diversity of observations may be found for the actions of sub- 
strates such as succinate (3-5) and glutamate (2). That there 
is a close connection between oxidative phosphorylation and 
protection against swelling has been the conclusion of a number 
of workers (2, 6, 7), although Chappell and Greville (8), on the 
basis of protective effects reported with 2 ,4-dinitrophenol, have 
recently concluded that oxidative phosphorylation may lead to 
increased swelling. Brenner-Holzach and Raaflaub (9) have 
observed that the intramitochondrial level of adenosine tri- 
phosphate is of great protective importance, although Raaflaub 
later suggested (10) that this effect is mediated by a chelating 
effect of ATP rather than by way of its high energy content. 

On the other hand, 2,4-dinitrophenol, which prevents the 
formation of ATP, has been variously reported as decreasing the 
rate of swelling (2), as not changing the state of the mitochon- 
drion (6) and, in the presence of AMP, as increasing swelling 
(7). The present work describes conditions for producing each 
of these effects. The swelling effect of dinitrophenol might be 
explained by its known function as an uncoupler of oxidative 
phosphorylation. The protective effect of dinitrophenol has 
been demonstrated to be attributable to a second action of 
dinitrophenol which is not mediated by way of uncoupling and 
ATPase. Other uncoupling agents such as Dicumarol and 
pentachlorophenol have been reported to protect against swelling 
(11), although experiments with Dicumarol and azide which 
indicate that this is not invariably the case are here reported. 
Thyroxine, another uncoupling agent, has usually been thought 
to act differently from other uncouplers, since in sucrose-Tris' 
media it produces marked swelling. It will be shown that al- 
though under other conditions thyroxine causes little or no swell- 
ing, it does not have the protective effect of dinitrophenol. 


EXPERIMENTAL 


Inbred weanling rats of the Fischer 344 strain were fed a 30 
per cent Torula yeast diet (12) supplemented with 50 mg. of 
dl-a-tocopheryl acetate per 100 gm. In some experiments the 
rats were maintained on McCollum’s wheat-casein diet (13), 


* These studies were performed during the tenure of a Brewers 
Yeast Council Research Fellowship. 

1 The abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane. 


which is a more complete diet and permits maximal growth. 
Rats fed this Torula diet yielded liver mitochondria which in 
general swelled less, but no qualitative differences in the results 
obtained were observed. 

After 3 to 4 weeks on the diets, the rats were stunned, the 
livers excised, and mitochondria prepared from a cold 10 per 
cent homogenate in 0.25 m sucrose as described elsewhere (14), 
The final suspension contained the equivalent of 200 mg. of wet 
tissue per ml. Measurements of swelling were carried out by 
following the optical density of the mitochondrial suspension in 
the Beckman model B spectrophotometer at room temperature 
(23°). The measurements were made at 520 my in a standard 
cuvette having a l-cm. light path. Timing was started with the 
addition of 0.1 ml. of mitochondria to 2.9 ml. of incubation 
medium, and the slit width was adjusted to give an initial optical 
density reading at 10 seconds of about 0.400. 
were taken at 3, 6, and 9 minutes. 

Earlier experiments were followed for longer periods of time, 
but the 9- or 12-minute experiment was chosen, because it was 
believed that this length of time was adequate for measuring the 
initial rates of change, uncomplicated by secondary reactions 
which undoubtedly occur. It should be mentioned that the 
experiments given in the tables are representative of results 
which have been obtained repeatedly. 

The determination of adenylate kinase activity was based on 
the method of Colowick and Kalckar (15). By coupling the 
hexokinase reaction in a bicarbonate buffer to that of the ad- 
enylate kinase system under consideration, one can follow the 
rate of ATP formation from ADP by measuring the CO: output 
manometrically. A control without added ADP was subtracted 
from the experimental values. 

AMP, sodium ADP, hexokinase (“Type IV”), and muscle 
myokinase were obtained from Sigma Chemical Company, 
sodium ATP from Schwarz Laboratories, and pi-thyroxine from 
Hoffman-LaRoche. All materials were made up in water and 
neutralized with KOH before use. 


Further readings 


RESULTS 

The swelling phenomenon in mitochondria represents the 
influx of ions and water into the interior of the organelle. As 
in the swelling of other biological structures, it is thought that 
the maintenance of the normal state of mitochondria is dependent 
on the active transport of certain materials and that this process 
requires energy. From results appearing in Table I, the picture 
is not quite as simple as stated above. Maximal swelling seems 
to require more than just the hypotonic sucrose-Tris medium. 
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The addition of succinate or phosphate greatly increases the 
swelling, which confirms the results of other workers (4, 5). 
Magnesium ions can prevent this swelling to a large extent, but 
maximal protection against increased swelling due to phosphate 
and succinate occurs when oxidative phosphorylation is possible, 
i.e. when phosphate, succinate, magnesium, and AMP are 
present. AMP will not protect in the absence of a complete 
phosphorylating system. 

It is certainly not surprising that 2,4-dinitrophenol, a potent 
uncoupler of oxidative phosphorylation, should increase swelling, 
since it prevents the formation of utilizable energy. It is dif- 
ficult to understand, however, how it should protect under any 
circumstances. Table II compares the results obtained with 
dinitrophenol in the presence and absence of nucleotides. Both 
AMP and ADP prevented swelling in the presence of substrate, 
but only ADP did in its absence. In the absence of added 
nucleotides dinitrophenol decreased the rate of swelling, but this 
effect was much more evident when the substrate was omitted. 
In the presence of substrate, dinitrophenol increased swelling 
when AMP was used as the phosphate acceptor, but did not 
when ADP was used. Without substrate, the addition of AMP 
to dinitrophenol did not change the protective effect of dinitro- 
phenol alone. In fact AMP had no effect at all in the system 
without substrate, and it is possible that AMP had not entered 
the mitochondria. 

The fact that AMP did have an effect in the more permeable, 
aged mitochondria under similar conditions, (Table III), lends 
support to this belief. Aging of the mitochondria was ac- 
complished by allowing them to incubate for 1 hour at room 
temperature in 0.25 m sucrose. These mitochondria still re- 
tained the same initial optical density, but they swelled more 
and were no longer protected by AMP or ADP. Dinitrophenol 
was still effective, however, and again to a greater extent in the 


TABLE I 
Oxidative phosphorylation and swelling 

Basic medium: 0.1 M sucrose + .01 m Tris, pH 7.5. Concentra- 
tion of other ingredients when added: potassium phosphate buffer 
at pH 7.5, .01 m; AMP and ATP, 10-* M; succinate, 3.3 X 10-3 Mm; 
magnesium sulfate, 1.3 X 10-3 mM. Swelling is measured by addi- 
tion of 0.1 ml. of mitochondrial suspension to 3 ml. of medium at 
0 time. The first reading is taken at 30 seconds and thus A 3 
minutes is actually the change in optical density (O.D.) at 520 
my from 0.5 to 3.0 minutes. 





Swelling 
(AO.D. X 108 at 520 my) 


Medium additions ee 


A3 | A6 A9 
minutes, minutes | minutes 











Experiment 1 


DR rts Sake leo ak Jha an mee neee 15 36 60 
itt SRC Ae aad dat Ce cen Ue 12 53 103 
EE Se eer PCT Ere 46 100 111 
Teh cach CG ehh o casinr ive viaieok, AaWladed 69 87 97 


Succinate + AMP.... 
Succinate + AMP + POg,.... 


iii aes | 95 115 127 
duidous | 89 104 112 


Succinate + AMP + Mg Peatont 54 94 104 

Succinate + PO, + Mg. at .| 40 71 $1 

Succinate + PO, + AMP + Mg....... 30 55 71 
Experiment 2 

Succinate........... Ne peuihad 23 5 7 

Succinate + ATP.. anne 5 12 22 
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TaBLeE II 
Effects of 2,4-dinitrophenol on swelling 
Basic medium: 0.1 M sucrose, 0.01 m Tris, 0.01 m potassium phos- 
phate buffer, 2.7 X 10-? m MgSO,, pH 7.4. Added ingredients: 
2,4-dinitrophenol, 10-* m; ADP and AMP, 107° ; succinate, 
3.3 X 10-*m. Initial reading was taken at 10 seconds for this and 
succeeding experiments. 





Swelling (A 0.D. X 108 at 520 my) 





Medium additions , ; 
A3 | 46 A9 A412 








minutes | minutes | minutes minutes 
None eee 8 | 31 52 | 64 
AMP. 0 | 29 54 | 62 
ADP. : | +9 | +7 +4 | 2 
oe 0; o| +2 | +3 
AMP + DNP........ oo; 4] 6] 6 
ADP + DNP............ +2 | +3 | +4 +5 
Succinate... 9 | 15 22 | 35 
Succinate + AMP. | +2 | +3 | +3 | +1 
Succinate + ADP... +1 4 7 | 13 
Succinate + DNP. si #k#iwni @ 
Succinate + AMP + DNP. 24 52 | 66 | 77 
Succinate + ADP + DNP 0 3 5 10 
* DNP, 2,4-dinitrophenol. 
TaB_e III 


Effects of 2,4-dinitrophenol on swelling of aged mitochondria 


Mitochondria in Experiment 1 are from the same batch as in 
Table II but have been aged at room temperature (23°) for 1 hour 
in 0.25 m sucrose. Mitochondria in Experiment 2 are from a dif- 
ferent batch. 





Swelling (4 O.D. X 10* at 520 my) 


Medium Additions eet oni 
43 | A6 | 49 | &Ail2 








minutes | minutes | minutes minutes 
Experiment 1 | 

None..... ae oe ..| 58 85 | 98 | 109 
AMP ea | 59 92 | 107 | 116 
ADP... picasa 45 ..| 38 84 | 112 | 130 
eer | 21 31 | 40 | 582 
AMP + DNP... 25 58 | 84 | 102 
ADP + DNP......... | 12 16 20 | 24 
Succinate 89 116 130 138 


Succinate + AMP... 99 132 148 158 








| 
| 
Succinate + DNP. | 53 


Succinate + ADP. . 71 | 121 | 142 | 153 
| 2 | 103 | 119 
Succinate + AMP + DNP 60 | 106 127 | 141 
Succinate + ADP + DNP.....| 20 | 35 | 52 | 69 
Experiment 2 | 
Succinate....... | 136 | 174 | 190 
Succinate + ATP.. | 96 141 | 164 
Succinate + DNP. 79 | 113 | 136 | 
Succinate + ATP + DNP 41 | 56 69 | 





absence of substrate. ADP and ATP enhanced the dinitro- 
phenol effect and AMP prevented it. The function of ADP in 
the aged mitochondria is obscure, since it has little protective 
effect itself and was effective only with dinitrophenol. 

In the light of the results obtained with dinitrophenol both as 
an accelerator and inhibitor of swelling, it seemed necessary to 
consider other uncoupling agents to determine the generality of 
the phenomenon. Three other such agents have been selected 
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TaBLe IV 
Thyroxine and swelling 
Media: sucrose-Tris, 0.1 m sucrose + 0.001 m Tris at pH 7.4. 
Basic, sucrose-Tris + 0.001 m potassium phosphate buffer + 2.7 X 
10? m MgSO, at pH 7.4. Sucrose-Tris and basic experiments 
were performed on different days. Thyroxine concentration, 
6 X 10° M. 





Swelling (4 O.D. X 10 at 520 my) 
Medium additions 





|A 3 minutes| A 6 minutes!A 9 minutes 





Sucrose-Tris medium 


| | 
imei ners fords 2 | +43 +42 
Thyroxine............ ore 120 | 143 149 
eee ; — 81 | 105 117 
SS TT eC te 68 | 77 81 
Basic medium 
ES Peers 60 | 101 111 
TWYCORINO. ...605..5:. 60 90 99 
ee ee ene 20 48 76 
Succinate + thyroxine...... i 49 | 69 85 








* The mitochondria in this instance were aged. 


TaBLe V 
Dicumarol and swelling 


Conditions as in Table II. Dicumarol at 10-4 m concentration. 





| Swelling (A O.D. X 10-4 at 520 mu) 
Medium additions 





1|43 minutes! A 6 minutes! A 9 minutes 














0 eer or ee soseeel 25 53 90 
ans thasahive ceshtinio atccea ae 58 93 
I ee Sg guard ie ailsipin% 27 30 36 
AMP + Dicumarol................ | 18 23 26 
ages ear arenes 5 26 38 47 
Succinate + AMP................ 7 12 18 
Succinate + Dicumarol........ 7 35 44 52 
Succinate + AMP + Dicumarol.. | 34 41 46 
TaBLe VI 


Azide-dinitrophenol Relationship 


Conditions as in Table II; sodium 


8 X 10°* M. 


azide concentration, 





| Swelling (4 0.D. X 1073 at 520 my) 
Medium additions 





P | P | . 
| 4 3 minutes! A 6 minutes; A 9 minutes 
| | 














| 


ee iar sncilasaniaweays | 2 | 92 118 
Yt a Sat vee, wd tks Sg 26 28 27 
AR eee Ae, ee 64 111 124 
Ere | 16 20 21 
SE ER EET ERE 41 60 76 
Guscinate + ADEP...<....6..508005 20 29 75 
Gusswmate + DNP ....... 06. ccccacs. 66 109 126 
Succinate + AMP + DNP....... | 105 149 168 
IR GB Me vine 4 3:4'5.5:0 wv's sas | 27 90 164 
Succinate + N; + AMP.......... 36 117 169 
Succinate + N; + DNP..........) 95 147 165 
Succinate + N; + DNP + AMP.. 123 154 177 





for study: thyroxine, Dicumarol, and azide. 
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Tapley concluded 
that the uncoupling action of thyroxine is due to its acceleration 
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of mitochondrial swelling, since submitochondrial phosphoryl- 
ating systems are not uncoupled by thyroxine (11). He has 
also mentioned that magnesium ions will prevent swelling due 
to thyroxine. In Table IV, the action of thyroxine under a 
variety of experimental conditions is shown. 
medium thyroxine increases swelling. 


In a sucrose-Tris 
In an aged preparation 
thyroxine not only does not increase swelling but appears to 
protect to some extent. In magnesium-containing media with 
or without substrate thyroxine does not cause swelling. With 
the addition of a phosphate acceptor, thyroxine has often been 
found to increase swelling, but not to the extent observed in the 
sucrose-Tris medium. It seems difficult to reconcile Tapley’s 
belief that the uncoupling-like action of thyroxine is due to its 
effect on swelling, since in the absence of the phosphate acceptor 
thyroxine does not cause swelling in a medium containing all the 
other ingredients for phosphorylation. 

Dicumarol is another uncoupler which has been mentioned as a 
protecting agent against swelling (11). In some respects it has 
a similar action to dinitrophenol (Table V). It protects when 
substrate is absent, but exerts no such effect when substrate is 
present. However, the combination of Dicumarol with AMP 
does not increase swelling in contrast with the effect of dinitro- 
phenol plus AMP in the presence of succinate. 

Azide has been shown by Wadkins and Lehninger to inhibit 
ATPase and to prevent the stimulation of ATPase activity by 
dinitrophenol (16). Azide also prevents the dinitrophenol in- 
hibition of the ADP-ATP exchange reaction in digitonin frag- 
ments of mitochondria, presumably by the same mechanism. 
For this reason it is interesting to observe that azide has little 
effect on the protective action of dinitrophenol in the absence of 
substrate or on the increase in swelling when dinitrophenol and 
AMP are combined (Table VI). Since there is no dinitrophenol- 
activated ATPase in the presence of azide, some other function 
of dinitrophenol must be postulated to explain its effects in the 
presence of azide. Azide itself appears to increase swelling under 
all the conditions studied. 

Effect of Dinitrophenol on Adenylate Kinase—Results in Tables 
II and III have been such as to indicate a possible effect of 
dinitrophenol on the adenylate kinase system of the mitochon- 
dria. Studies of a direct effect of dinitrophenol on the enzyme 
have been negative (Table VII). Neither a purified muscle 


Taste VII 
Dinitrophenol and adenylate kinase 

Medium: NaHCOs;, 60 wmoles; glucose, 60 wmoles; MgSO,, 30 
umoles; ADP, 10 uwmoles; hexokinase, 165 K.M. units; dinitro- 
phenol (DNP), when added, 0.6 umoles. Final volume, 3 ml., and 
pH, 7.5; temperature, 30°. Sigma myokinase, 12.5 ug. of protein; 
liver mitochondria, 6 mg. of protein. ADP in the side arm of a 
Warburg flask is mixed with the medium containing adenylate 
kinase preparation after 5 minutes of preincubation. 














Muscle myokinase Liver mitochondria 
Time —_--__— Time 
—-DNP | +DNP —DNP | +DNP 
min. | pmoles CO2* | min. eo umoles COs* 
3 1.0 1.0 4 3 3 
6 2.7 2.6 8 8 8 
9 4.0 | 4.1 12 1.4 1.3 
12 4.9 | 4.9 16 1.8 Be 
| | 














* Corrected for control without added ADP. 
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myokinase preparation nor the activity from liver mitochondria 
was affected by the addition of dinitrophenol. 

Effect of Substrates on Swelling—Tapley (11) has found that in 
a sucrose-Tris medium many substrates will cause swelling, 7.e. 
succinate, fumarate, malate, glutamate, acetate, and a-keto- 
glutarate. Citrate, pyruvate, and malonate prevented swelling, 
however. Whereas these findings are true for the sucrose-Tris 
medium, it has been found in several experiments in this lab- 
oratory that some substrates do not cause swelling in media 
other than the unsupplemented sucrose-Tris. Succinate, for 
example, at a level of 3.3 X 10-° m will usually protect mito- 
chondria from the swelling caused by the addition of phosphate 
and magnesium to the sucrose-Tris medium. Raising the level 
of succinate to 2 * 10? m will increase the swelling, however. 
Glutamate will not cause swelling under these conditions even 
at 2 X 10° m. §$-Hydroxybutyrate will often protect when 
added to a suspension of very fresh mitochondria. After re- 
maining in ice for a few hours, mitochondria will swell when 
exposed to 6-hydroxybutyrate under the same conditions. 

The protective effect of citrate seems to pose another problem. 
Under all experimental conditions tried previously, citrate 
protected. That this might be due to factors unrelated to 
citrate oxidation seemed quite plausible, since many observations 
in the field of mitochondrial swelling have indicated that, in 
general, swelling is increased by increased oxidation (8). Thus 
the possible relation of citrate to the calcium-magnesium an- 
tagonism explored by Ernster and Léw (17) was investigated 
(Table VIII). Calcium ions in equimolar amount are able to 
reverse the protective effect of citrate. Furthermore, Experi- 
ment 2 shows that when additional magnesium ions are added 
to the medium, thus minimizing the swelling effect of endogenous 
calcium, citrate again has no protective effect. Thus, it is clear 
that the protective effect of citrate can be explained by its 
binding of calcium. 


DISCUSSION 

It is apparent from Table I that the addition of any of the 
necessary ingredients for oxidative phosphorylation (phosphate, 
substrate, phosphate acceptor) will cause swelling over that seen 
in a hypotonic sucrose-Tris medium unless all are added. When 
a complete phosphorylating system is present, the swelling is 
roughly of the same magnitude as that in sucrose-Tris. The 
latter is perhaps a less natural medium from a biochemical stand- 
point than the supplemented system. Given an actively func- 
tioning oxidative system and adequate phosphorylation, the 
mitochondria can be maintained in a hypotonic medium. Not 
only does the presence of active phosphorylation protect against 
swelling, but in the phosphorylating medium the separation of 
oxidation from phosphorylation by aging or by uncoupling agents 
removes this protection. These facts, together with the ob- 
servation that ATP can protect by itself in fresh or aged mito- 
chondria, lead to the conclusion that the ATP level in mito- 
chondria regulates the stability with respect to hypotonic media. 
Raaflaub (5) earlier reached the same conclusion by actual 
simultaneous measurements of intramitochondrial ATP levels 
and optical densities. In a phosphorylating system both AMP 
and ADP produce less swelling than succinate alone. Why the 
addition of dinitrophenol to these systems should cause intense 
swelling in the presence of AMP and almost complete protection 


when ADP is present is puzzling. These phenomena certainly 
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Tas_e VIII 
Protection by citrate 


Medium: 0.1 m sucrose, 0.01 m Tris, 0.01 m potassium phosphate 
buffer, and 2.7 X 107? m MgSO,. 





| Swelling (4 O.D. X 107 at 520 my) 
Medium addition (umoles) | es 
| . . | . 
| 43 minutes | A6minutes | A 9 minutes 





Experiment 1 


} | 
None seats 20 101 116 
10 citrate ee 19 19 | 29 
10 citrate + 10 CaCle.... 82 94 | 99 
Experiment 2 
None. oa 1660 |S 204 
10 citrate ss |) 78 C|Ss(40 
8 Mg*+ (total, 16 Mg**).. 43 | St 
65 110 


8 Mg** + 10 citrate.... 43 





cannot be ascribed to uncoupling, since there should be no 
distinction between AMP or ADP on this basis. 

One possible explanation lies in the mechanism whereby AMP 
can become a phosphate acceptor, namely, the adenylate kinase 
reaction. Presumably AMP must react with a molecule of ATP 
to yield 2 molecules of ADP before oxidative phosphorylation 
can occur. Conversely, 2 molecules of ADP can undergo 
dismutation to vield 1 of AMP and 1 of ATP; this represents a 
limited source of ATP even in a nonphosphorylating system. If 
adenylate kinase were involved, then, in the presence of added 
AMP, ATP would be lowered by way of interaction with the 
added AMP to form ADP. In a medium containing added 
ADP, the presence of dinitrophenol would reduce the ATP level 
through decreased production and increased destruction, but 
there would be a constant supply of freshly formed surface ATP 
arising from the kinase reaction. 

Siekevitz and Potter (18) have demonstrated that oxidative 
phosphorylation and the uncoupling action of dinitrophenol take 
place in the interior of the mitochondria. They have also shown 
that adenylate kinase occurs both in the membrane and in the 
interior of the mitochondria. They also demonstrated that 
dinitrophenol would increase the production of extramito- 
chondrial AMP from ADP. Pressman (19), studying the effect 
of dinitrophenol on the endogenous nucleotides, found no increase 
inthe AMP. Thus the adenylate kinase activity appears limited 
to the mitochondrial surface and external nucleotides. It is 
conceivable that the site of the protective action of ATP against 
swelling is in the membrane. Thus, dinitrophenol might cause 
changes in ATP concentration at the surface via adenylate 
kinase, in addition to its action of decreasing ATP in the interior, 
Although this hypothesis is attractive, dinitrophenol does not 
have a direct effect on adenylate kinase itself (Table VII). 
Nevertheless, from the results on swelling, it seems difficult to 
omit consideration of some mechanism involving the enzyme. 
Pressman,” for example, has indicated that DNP can increase 
adenylate kinase activity by increasing unbound ADP which he 
otherwise found at very low concentrations in the mitochondria. 

One might conceive that the different effects of the nucleotides 
could reside in their different chelating properties with regard to 
calcium or magnesium. A consideration of studies on aged 
mitochondria tends to eliminate this as a possibility, however. 


2 B. C. Pressman, personal communication. 





AMP and ADP alone had no effect in the aged system; only 
ATP protected. Dinitrophenol alone also produced an ap- 
preciably smaller rate of swelling. Almost complete protection 
was afforded by dinitrophenol plus added ADP, although ADP 
could not be acting as a phosphate acceptor in this system, nor 
would its chelating potential be expected to be changed. The 
presence of AMP plus dinitrophenol did not protect more than 
dinitrophenol alone. The pronounced swelling effect of this 
combination, which was seen in fresh mitochondria, was no 
longer present in aged preparations. 

These studies have shown that the protective effects of di- 
nitrophenol on mitochondrial swelling must be different from its 
uncoupling of oxidative phosphorylation. This protective effect 
has been demonstrated under aged conditions in which un- 
coupling is already well advanced and in the presence of azide 
which prevents the uncoupling action of dinitrophenol. The 
nature of this second role of dinitrophenol is not understood. 
Whether it has a direct role in the structural stability of the 
mitochondria or an indirect one through enzymatic mechanisms 
remains to be determined. 


Stability of Rat Liver Mitochondria. I 
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SUMMARY 


1. It has been confirmed that oxidative phosphorylation pro- 
tects mitochondria against swelling in a hypotonic medium, 
despite a known protective effect of 2,4-dinitrophenol. 

2. Dinitrophenol has been shown both to prevent and ac- 
celerate swelling under different conditions. In media wherein 
phosphorylation is not possible, dinitrophenol protects. In a 
phosphorylating medium where AMP is the acceptor, dinitro- 
phenol accelerates swelling. When ADP is the acceptor, how- 
ever, protection is found. 

3. None of the other uncouplers studied (Dicumarol, azide, 
and thyroxine) has been found to possess all the effects of di- 
nitrophenol on swelling. 

4. The protective action of dinitrophenol has been shown to be 
independent of its uncoupling effect. 

5. The protective action of citrate was correlated with its 
effect on the caleium-magnesium ratio. 


Acknowledgment—The authors would like to acknowledge the 
constructive discussions with Dr. Klaus Schwarz in the prepara- 
tion of this paper. 
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The state of oxidation of the respiratory carriers in the mito- 
chondrion has been found to be an important factor in the 
swelling response of the mitochondrion to external conditions. 
It was reported early by Hunter et al. (1) that in the absence of 
oxygen mitochondria did not swell when incubated in a sucrose- 
tris(hydroxymethyl)aminomethane medium. These same 
workers also reported that cyanide did not have a protective 
effect, although Fonnesu and Davies (2) and others have found 
that the addition of 10-* m cyanide would protect. Lehninger 
and Ray (3) reported that cyanide would protect against thy- 
roxine-induced swelling. Chappell and Greville (4), with 
cyanide, antimycin A, and Amytal, found protection against 
swelling with all three, but concluded that it was the oxidation 
process itself rather than the state of the carriers that caused the 
swelling of the mitochondria. Lehninger et al. (5), in a study 
of swelling induced by thyroxine, also used Amytal, antimycin 
A, and cyanide, and concluded from the protection observed by 
blocking of oxidation at any of the successive steps, that the 
reduction state of the bound DPN was possibly a major de- 
terminant of thyroxine sensitivity. Lenninger and Schneider 
(6) have concluded that since glutathione produces a cyanide- 
sensitive, antimycin-insensitive swelling of mitochondria, swell- 
ing can occur only when the cytochrome c or ¢; portion of the 
chain is in the oxidized state. 

In this report detailed studies of the mechanisms by which 
respiratory inhibitors protect the mitochondria from swelling 
are described. Some doubt has been cast upon the validity of 
correlating the reduction of carriers caused by the inhibitors with 
their effect of preventing mitochondrial swelling, thereby neces- 
sitating the consideration of new aspects of antimycin A and 
cyanide functions. 


EXPERIMENTAL 


Liver mitochondria were prepared from inbred weanling rats 
of the Fischer 344 strain fed a 30 per cent Torula yeast diet 
containing vitamin E (7). The techniques used in preparation 
of the mitochondria and in study of mitochondrial swelling have 
been previously described (8). It is assumed in these experi- 
ments that the optical density measurements do indeed reflect 
the swelling of the mitochondria. Antimycin A (from the 
Wisconsin Alumni Research Foundation) was made up in ethanol 
so that 0.05 ml. contained 2 wg. All other additions to the 
incubation mixture were freshly made up in water and neutralized 


* These studies were performed during the tenure of a Brewers’ 
Yeast Council Research Fellowship. 


with KOH before use when necessary. Amytal was obtained 
from Eli Lilly and Company; glutathione and DPN from 
Schwarz Laboratories, Inc.; DPNH from Sigma Chemical 
Company; and cysteine from Nutritional Biochemicals Corpora- 
tion. 


RESULTS 

One common observation in the protective action of anaero- 
biosis and respiratory inhibitors against mitochondrial swelling 
has been the concomitant reduction of the respiratory carriers. 
In Table I are shown the effects of the use of reducing agents or 
an antioxidant in attempts to protect the mitochondria. In this 
group, uniform protection under different conditions was ob- 
tained only with dithionite, a potent reducing agent. Gluta- 
thione and cysteine protected to some extent in the presence of 
substrate, whereas they actually caused swelling in a sucrose- 
Tris! medium. The antioxidant N ,N’-diphenyl-p-phenylene- 
diamine was without effect. Ascorbate did not protect and, if 
anything, caused some additional swelling (see Table VIII). 
Thus it would seem that only a powerful reducing agent such as 
dithionite will produce good protection of the mitochondria. 
The electrode potentials of the other reducing agents used are 
such as to make the reduction of the entire electron transport 
chain unlikely. 

Chappell and Greville (4) have studied the effects of respiratory 
inhibitors on spontaneous swelling of mitochondria, and have 
noted that Amytal, antimycin A, and cyanide protected mito- 
chondria with various substrates in a phosphate medium. 
Amytal did not protect when succinate was the substrate, how- 
ever. Since dithionite has been shown to protect against mito- 
chondrial swelling and since the respiratory inhibitors in the 
presence of substrate maintain a reduction of the chain members 
on the substrate side of the block, 
carriers might logically seem to be related to the protection of 
the mitochondria. Two questions arise from these considera- 
tions: Which of the carriers must be reduced and what is the 
mechanism involved in this protection? 

There seem to be 
malian tissues: one 


reduction of the respiratory 


at least two main electron chains in mam- 
whose function is the oxidation of DPN- 
linked substrates and the other which catalyzes succinate oxida- 
tion. The succinate chain is the more insoluble of the two, 
exists in particulate form, and can be isolated as such (9). Thus 
there is added the further question concerning possible differences 


1The abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane. 
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TaBLeE I 
Effect of reducing and antioxidant compounds on 
mitochondrial stability 

Media: Sucrose-Tris = 0.1 m sucrose + 0.01 m Tris. Basic = 
sucrose-Tris + 0.01 m potassium phosphate + 2.7 X 10-?m MgSO,. 
Final concentrations of additions: Succinate, 3.3 X 10-3 M; 
N ,N’-diphenyl-p-phenylenediamine, 1 yg./3 ml.; glutathione, 

0.01 m; cysteine, 0.001 m; sodium dithionite, a few crystals. 








| Swelling (A O.D. x 
| 108 at 520 my) 























Medium Addition 
a3 | ae | ay 
Experiment 1 | | 
Sucrose-Tris.......... +3 | +6 | +9 
Sucrose-Tris..... .| Glutathione 16 | 18 | 37 
Sucrose-Tris..... ones ..| Cysteine :; 2) 2 
Sucrose-Tris + PO, + Mg.. 28 | 79 | 104 
Sucrose-Tris + PO, + Mg..| Glutathione 59 | 109 | 123 
Sucrose-Tris + PO, + Mg..} Cysteine 36 | 98 | 113 
Sucrose-Tris + PO, + Mg..| Succinate 14} 36 | 105 
Sucrose-Tris + PO, + Mg..| Succinate + 33 | 49 | 56 
glutathione | 
Sucrose-Tris + PO, + Mg..| Succinate + 37 | 441} 50 
cysteine 
Experiment 2 
Sucrose-Tris (aged). . 81 | 105 | 117 
Sucrose-Tris (aged). | Dithionite 19} 29] 35 
Sucrose-Tris + PO,+ Mg**.| Succinate 123 | 163 | 185 
Sucrose-Tris + PO,-+ Mg*t.| Succinate + 18 | 36) 42 
dithionite 
Experiment 3 
Sucrose-Tris + PO, + Mg**.| Succinate 69 | 99 | 113 
Sucrose-Tris + PO,-+ Mg**.| Succinate + 72 | 100 | 114 
| N,N’-di- 
| phenyl-p- 
| phenylene- 
| diamine 














in the protective effects connected with the inhibition of oxida- 
tion of both chains. The problem will be attacked by studies 
of the effects of some respiratory inhibitors on the swelling pro- 
duced by several substrates under a variety of conditions. 

Cyanide—In the presence of cyanide one can expect all of the 
respiratory carriers through cytochrome c to be reduced. Cya- 
nide seems to protect freshly prepared mitochondria against 
swelling whether succinate, 8-hydroxybutyrate, or GSH is the 
substrate (Table I1). It is interesting, however, that when the 
mitochondria were kept in ice for several hours, the protective 
effect of cyanide was largely lost when succinate was the sub- 
strate. On the other hand the protective effect was retained 
when 6-hydroxybutyrate was the substrate. To determine 
whether the reduction of all the respiratory carriers was essential 
for protection, methylene blue was added to the medium. In 
the presence of methylene blue, DPN, flavoprotein, and perhaps 
cytochrome 6 should be in a similar oxidation state with or with- 
out a cyanide block. Methylene blue had little effect on the 
protection by cyanide. Thus one is led to the conclusion that 
the reduction of DPN, flavoprotein, and possibly cytochrome 6 
is not obligatory for protection. 

Antimycin A—Antimycin A exerted a protective action under 
every condition studied (Table III). The known actions of 
antimycin A are the blocking of the respiratory chain between 
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cytochromes 6 and ¢ (10) and, at higher levels, a possible un- 
coupling of the phosphorylation connected with cytochrome ¢ 
(11). Methylene blue failed to reverse the protective effect of 
antimycin A in either the DPN or succinate chains. In order 
for the significance of the methylene blue effect on swelling to 
be evaluated, the location of the electron donor to methylene 
blue from the transport chain should be established. Ball (12) 
has shown that cytochrome 6 in the succinoxidase system is 
oxidized by methylene blue on the basis of direct spectroscopic 
evidence. This was supported by the work of Singer and 
Kearney (13), who showed that methylene blue would not react 
with the purified, soluble succinic dehydrogenase, although it 
would with particulate fractions. This indicated that methylene 
blue would not take electrons directly from the flavoprotein, 
Data from Table IV indicate that the site from which methylene 
blue receives electrons may be both from the flavoprotein and 
cytochrome 6 in the DPN chain. With 8-hydroxybutyrate as 
substrate, methylene blue will substantially relieve an Amytal 
block and will actually increase the oxidation over the control 
in reversing an antimycin A block. However, methylene blue 
reverses an antimycin A block in the succinate system only toa 
slight extent. Thus it would seem that antimycin A largely 
blocks the transfer of electrons of cytochrome b to methylene 
blue in the succinate system but not in the 6-hydroxybutyrate 
chain. These and other data are summarized in Diagram 1. 
Returning to the lack of effect of methylene blue on antimycin 
A protection against swelling, one is faced with a dilemma. 
According to Diagram 1, methylene blue should have no effect 
on the block in the succinate system. However, if reduction of 
the carriers is important in preventing swelling, the oxidation of 
the carriers through cytochrome b in the DPN chain should cause 


TaBLeE II 
Effect of cyanide on swelling 
Experimental conditions are as listed for Table I. 
Final concentrations of additions: 8-Hydroxybutyrate, 3.3 X 
10-* m; NaCN, 107? m; methylene blue, 2 X 10-° m. 





| 


Swelling (A O.D. X 














| 
f 
Substrate | be in Medium addition | ilvaite. 
| | 4x | ae | ae 
Experiment 1 | | | 
Succinate..........| Fresh 4) 35) 65 
Succinate..........| Fresh | CN +5 | +5 | +8 
Succinate ..| 4 hrs. | 10 | 56 | 96 
Succinate | 4 hrs. | CN | 4] 35] 68 
B-Hydroxybutyrate..| Fresh | | 12] 40| 7 
8-Hydroxybutyrate..| Fresh | CN +5 | +9 |+12 
8-Hydroxybutyrate..| 4 hrs. | 42 | 123 | 134 
8-Hydroxybutyrate..| 4 hrs. | CN +1} +1 2 
Experiment 2 
6-Hydroxybutyrate..| Fresh 26, 71) 105 
6-Hydroxybutyrate..| Fresh | CN 4| 22| 66 
6-Hydroxybutyrate..| Fresh | CN + methyl- | 8 | 30) 74 





| ene blue 


8-Hydroxybutyrate..| Fresh | Methylene blue, 73 | 145 | 159 
Experiment 3 | 

GSH*.. Fresh | O| 53} 119 

ee... Fresh | CN | | +5| +7 





- : —s - ain a 





* Sucrose-Tris medium; all others use basic medium as de- 
scribed in Table I. 





Septe 


swellin 

A to p 

ther did 
Amy 
respirat 
by DP 
ports a 
protein. 
Amytal 
cyanide 
is the a 
any rat 
on the « 
cinate ¢ 
mitoche 
when f 
(Table 

substra' 
8-hydre 
methyl 
flavopre 
eytochr 
or both 
against 
in the } 
chain i 


Expe 
Final 
chlorid 


Experi 
Succi 
Succi 
Succi 
Succi 


Experi 
6-Hy 
6-Hy 
6-Hy 
6-Hy 


Experi 
Chol 
Chol 

Experi 
Suce 
Suce 

Experi 
GSH 
GSH 
GSH 

bu 
GSH 
bu 


*Su 








0.9 


un- 
ne ¢ 
et of 
der 
gZ to 
‘lene 
(12) 
mM. is 
Opie 
and 
eact 
rh it 
‘lene 
tein, 
lene 
and 
fe as 
1ytal 
ntrol 
blue 
toa 
rgely 
vlene 
yrate 
Li 
cin 
nma, 
ffect 
on. of 
on of 
‘ause 


D. X 
ys) 





ay 


+12 


159 


119 
+7 


de- 


September 1959 


swelling. Since this does not occur, another action of antimycin 
A to prevent swelling seems indicated. This topic will be fur- 
ther discussed below. 

Amytal—According to Chance (10), the role of Amytal as a 
respiratory inhibitor is mainly to block reduction of flavoprotein 
by DPNH. Nevertheless, with an Amytal block Chance re- 
ports an electron leakage of more than 12 per cent to the flavo- 
protein. On the other hand, Ernster et al. (14) state that since 
Amytal blocks the oxidation of @-hydroxybutyrate when ferro- 
cyanide is the acceptor and not when dichlorophenolindophenol 
is the acceptor, the block must be after the flavoprotein. At 
any rate the rest of the chain, including cytochrome ), is oxidized 
on the oxygen side of the block. Amytal has no effect on suc- 
cinate oxidation but blocks choline oxidation. Amytal protects 
mitochondria against swelling when no substrate is added and 
when $-hydroxybutyrate, choline, or GSH is the substrate 
(Table V). It has much less of an effect when succinate is the 
substrate. The protective effect of Amytal against swelling with 
8-hydroxybutyrate as substrate is completely eliminated when 
methylene blue is present to allow oxidation of DPNH and 
flavoprotein. The methylene blue effect indicates that when the 
cytochromes are oxidized the reduction of DPN or flavoprotein, 
or both, can be effective in the protection of the mitochondria 
against swelling. Furthermore, the fact that swelling will occur 
in the presence of methylene blue and a block in the respiratory 
chain indicates that swelling is not dependent on passage of 


TaB_e III 
Effect of antimycin A on swelling 
Experimental conditions as in Tables I and IT. 


Final concentrations: Antimycin A, 0.7 wg. per ml.; choline 
chloride, 3.3 X 10-3 m. 





| Swelling (A O.D. X 10% at 
| 520 my) 











Substrate Medium addition 
| ax | ao | ay 
| | 
Experiment 1 | | 

Succinate......... | 22 | 32 | 42 
Succinate......... Antimycin A 3 | 6 | 6 
Succinate. ........| Methylene blue 18 36 | 52 
Succinate.........}| Antimycin A + 5 5 | 4 


methylene blue 
Experiment 2 





6-Hydroxybutyrate 83 | 113 | 122 
8-Hydroxybutyrate| Antimycin A 6 6 6 
8-Hydroxybutyrate| Methylene blue 107 | 135 | 145 


8-Hydroxybutyrate} Antimycin A+ | 6 | 6 | 6 
methylene blue | 


| 
Experiment 3 | 


CHOBE. .0.0...05644 21; Il] 121 

Choline....... Antimycin A +1 +6) +8 
Experiment 4 | | 

Succinate (aged)... | 74 | 102) 119 


Succinate (aged)... 18 29 | 39 
Experiment 5 


ae | 0 


Antimycin A 





| 53 | 119 

GSH*............} Antimyein A | +12 | +14 | +16 
GSH + 8-hydroxy- 

butyrate......... 37 55 | 80 
GSH + 8-hydroxy-| | 

butyrate.........| Antimycin A +14 +18 





* Sucrose-Tris medium. 
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TaBLe IV 
Effect of methylene blue on oxidation in blocked systems 
Medium: Potassium phosphate, 60 wmoles; MgSO,, 4 umoles. 
Substrate: Succinate, 40 umoles; 8-hydroxybutyrate, 30 umoles. 
Additions: DPN, 3 umoles; methylene blue, 0.06 umole; anti- 
mycin A, 2 uwg.; Amytal, 5.4 umoles. Total volume was 3 ml. and 
final pH was 7.4. 





patoms of oxygen/5 








Substrate Addition mg. of protein/30 
min. 
Succinate........... 6.7 
Succinate Methylene blue 9.4 
Succinate Antimycin A 0.1 
Succinate... Antimycin A + methyl- 1.4 
ene blue 
8-Hydroxybutyrate..) DPN 4.3 
8-Hydroxybutyrate..| DPN + antimycin A | 0 
8-Hydroxybutyrate..| DPN + methylene blue | 4.8 
B-Hydroxybutyrate..| DPN + antimycin A + 6.1 
| methylene blue 
8-Hydroxybutyrate..| DPN + Amytal 0 
8-Hydroxybutyrate..| DPN + Amytal + meth-| 3.0 
ylene blue | 
D1aGRaM 1 
Amytal \ 
/ ‘ ! 
BOH —>+ DPN —+> FP +> b => ¢ —> a, a; —> 0; 
/ “id | 
/MB _Antimyein A CN 
Leak, _ 


Succinate —> FP —> b —> c ——> a, a; —> 0: 
| 


electrons through the entire electron transport system. Since 
Amytal does protect against swelling due to choline, a substrate 
oxidized directly by a flavoprotein (15), it would seem likely 
that the Amytal block may indeed come after the flavoprotein in 
the DPN chain. 

DPNH, DPN, and Ferrocyanide—Pyridine nucleotide added 
exogenously to the medium is known to be metabolized in a 
somewhat different manner from DPNH generated endogenously 
by a substrate such as 8-hydroxybutyrate (16). From the data 
in Table V, however, DPNH seems to have a similar effect to 
B-hydroxybutyrate on swelling. It will be noticed that on one 
occasion DPNH protected the mitochondria to some extent with 
or without succinate. This protective effect was largely elimi- 
nated on aging the mitochondria. Such phenomena have also 
been observed occasionally with 6-hydroxybutyrate. On most 
occasions DPNH is without effect, however. DPN, on the 
other hand, produced a marked degree of swelling under the 
conditions studied. The fact that DPN increases oxidation may 
explain its stimulation of mitochondrial swelling. In general an 
increase in swelling has been found to accompany the increase 
of the oxidation rate (16). Ferrocyanide, which is thought to 
equilibrate better than external DPNH with the mitochondrial 
electron chain (17), increased swelling. 

ADP—In a previous communication (8) the protective role 
of ADP against swelling in the presence of DNP or azide, or 
both, was explained in terms of a possible effect through the 
adenylate kinase reaction to yield ATP. In the absence of un- 
couplers, protection by means of ATP formation from oxidative 
phosphorylation seems probable. In Table VI the effects of 
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TABLE V 
Effect of Amytal on swelling 


Experimental conditions are as described in Table I. Final 
concentration of Amytal is 1.8 X 10-3 M. 





Swelling (A O.D. X 10% at 
520 my) 
Substrate | Medium addition 








ay 46 Ay 





Experiment 1 





None... aes 205 | 297 | 316 
re ..| Amytal |+12 | 14 70 
Succinate.......... 36 | 101 | 193 
Succinate.......... Amytal 5 | 42 | 144 
B-Hydroxybutyrate . 56 | 280 | 319 
8-Hydroxybutyrate.| Amytal +2 | 27 | 67 
Experiment 2 
Serer ee 21 111 121 
Choline.............| Amytal +9 | 18 51 
Experiment 3 
B-Hydroxybutyrate . 23 | 45 65 
B-Hydroxybutyrate.| Amytal | 12 | 20 25 
B-Hydroxybutyrate.| Amytal + meth- | 57 | 110 135 
ylene blue 
| 


—* 4 
GSH*. AA oe 0 | 853 





| 119 

GSH*. Amytal +3 | +9 | +12 
GSH + B-hydroxy- | | 

butyrate. . es | 37 | 55 | 80 
GSH + B- hydroxy- | | 

butyrate..........| Amytal | 77 | 0 | +5 








* Sucrose-Tris medium. 


TaBLe VI 
Effects of DPNH, DPN, and ferrocyanide on swelling 
Experimental conditions are as in previous tables. Final con- 
centrations: DPN and DPNH, 1 X 10-* m; potassium ferrocyanide 
3.3 X 10-3 M. 








| 
| Swelling (A O.D. X 10% at 520 my) 
Medium addition | 








A3 Ao’ Ay 
Experiment 1 
IL ahora Grishin Oa, 1h i aGeae aera 23 31 50 
ss via 10 12 | 13 
Succinate... .. abe 30 40 70 
Succinate + DP NH. Car 13 17 24 
Succinate (aged)...... ee 58 96 111 
Pg | re 48 83 99 
Experiment 2 
et chu ASG ns ks hatte 41 | 101 125 
, Sere Peeciean 122 131 137 
| | a 40 | 10 | 123 
Cg 8 te 21 | 61 84 
Experiment 3 | 
8-Hydroxybutyrate.......... 16 41 84 
8-Hydroxybutyrate + DPNH| 10 | 43 | 89 
B-Hydroxybutyrate + DPN..| 142 | 157 | 160 
Experiment 4 | 
ee a a 95 
PUNNOOYOMIGS. 2... 050s cccveces | 88 124 128 





ADP in the presence of respiratory inhibitors (Amytal and 
cyanide) are studied. One striking observation is the effect of 


ADP alone with the various substrates. 


Vol. 234, No. 9 


ADP protects well when 


B-hydroxybutyrate is the substrate, but only transiently when 


succinate or choline are substrates. 


In fact, in experiments 


carried over a longer period, additional swelling uniformly occurs 
with ADP in the latter cases over and above that observed with 
substrate alone. Like ADP, cyanide has a good protective 
effect against swelling in 6-hydroxybutyrate and a transitory 
protection in succinate or choline media. The cyanide-protected 
B-hydroxybutyrate or choline systems are little changed by the 
addition of ADP, but in a succinate medium, where neither ADP 
nor cyanide exerts much effect alone, the combination produces 
excellent protection. The protection afforded mitochondria 
with the use of 6-hydroxybutyrate or choline substrates and an 
Amytal block is increased by the addition of ADP. 
Ascorbate—Slater (19) has demonstrated that ascorbate, among 
other compounds, will reduce cytochrome c nonenzymatically, 
Cooper and Lehninger (11) have shown that a maximum of 1 


mole of phosphate can be bound per mole of ascorbic acid oxi- | 
(20) have shown that 


dized. Furthermore, Neufeld 


ascorbic acid produces little change in the 562-my band of cyto- 
chrome b. Thus, with the use of ascorbate, the effect of reducing 
only cytochrome c on the swelling of mitochondria can be de- 


termined. The results given in Table VII indicate that with or 


without substrates (succinate or B-hydroxybutyrate), ascorbate 
increases the swelling rather than decreasing it. In Experiment 


1, when succinate is the substrate, cyanide does not protect 


against the increased swelling due to ascorbate. 


droxybutyrate is the substrate, however, cyanide does protect 


against this swelling. It would thus seem that inhibition along 


TaB_Le VII 


Relation of ADP to respiratory inhibitors 


Experimental conditions are as in previous tables. Final con- 


centration of ADP is 1073 m. 





Medium addition 


Experiment 1 
6-Hydroxybutyrate.... 
8-Hydroxybutyrate + ADP 
8-Hydroxybutyrate + Amytal 
8-Hydroxybutyrate + ADP 

BE sic cnx wreeci 
Choline....... 
Choline + ADP.. 
Choline + Amytal.... 
Choline + Amytal + ADP 

Experiment 2 
8-Hydroxybutyrate . 
B-Hydroxybutyrate + ADP.. 
8-Hydroxybutyrate + CN 


8-Hydroxybutyrate + ADP + Cc N. 


eee : 
Choline + ADP...... 
Choline + CN. 

Choline + ADP. i‘ CN. 
eee 
Succinate + ADP...... 
Succinate + CN.. 

Succinate + CN ii ADP. : 


.| 12 | 16 21 | 30 


|Swelling (A O.D. X 108 at 520 my) 








| 47 | a? 49 4 12’ 


18 48 | 79 97 
4 | 9 ni a 
| 10 | 13 16 31 


40 | 138 | 160 | 171 
10 | 20 | 72 | 158 
1 | 19| 37)! 81 
12 13 | 16 | 28 


33 56 73 85 
20 30 34 35 
bi 2 23 | 24 
7 | a 22 | 22 


73 | 156 | 178 | 188 
24 | 135 | 233 | 256 
is | 56 | 91 | 106 
10 2% | 70 | 135 
30 | 54 | 63 | 77 


13 | 27 | 68 | 98 





Septen} 


the suc 
tion of 

In E 
observa 
swelling 
hours, a 
antimy< 
is added 
no long 





When £-hy- 


membet 
| antimy¢ 
blocking 
ascorba’ 
| Cooper 


Mucl 
mitochc 
tion of 
associat 
| gained 
| inhibito 
reductic 
alternat 
swelling 

The 
hinderes 
the elec 
blockin; 
termine 
carrier | 
as long 
| blue, al 
also abc 
and ant 

Cone 
which 
cytochr 
methyle 
known 
sented i 
blue cai 
able to 
block e 
The inc 
antimy 
system 
trons fr 
why me 
great e: 
lack of 
hydroge 
the lac! 
phosphy 
ascertal 
blocks 
from th 
respirat 
prevent 
methyl] 
bypass 











0. 9 


vhen 
vhen 
ents 
curs 
with 
ctive 
itory 
ected 
’ the 
ADP 
luces 
dria 
id an 


nong 
rally, 
of | 
| oxi- 
that 
cy to- 
acing 
e de- 
th or 
rbate 
ment 
otect 
3-hy- 
otect 
along 


| con- 


20 my) 





4 12’ 


97 


iB 
31 


17 
171 
158 
81 
28 








September 1959 


the succinate chain does not afford protection, whereas inhibi- 
tion of the DPN-linked chain does. 

In Experiment 2 (Table VII) use was made of the earlier 
observation that the protective effect of cyanide against succinate 
swelling wears off when the mitochondria stand in ice for a few 
hours, although the succinate chain members are reduced. When 
antimycin A is added in addition to cyanide and when ascorbate 
is added to insure reduction of the cytochrome c, the mitochondria 
no longer swell. Since in the presence of cyanide the chain 
members are completely reduced (21), the protective effect of 
antimycin A must be mediated by some other mechanism than 
blocking of the electron transport chain or the uncoupling of 
ascorbate phosphorylation at the cytochrome c level reported by 
Cooper and Lehninger (11). 


DISCUSSION 


Much of the work described in this and other papers studying 
mitochondrial swelling has given the impression that the reduc- 
tion of one or more of the carriers of the respiratory chain is 
associated with the prevention of swelling. This impression was 
gained from observations that anaerobiosis and respiratory 
inhibitors prevent swelling and that these conditions cause carrier 
reduction (1, 5). Other workers (4, 22) have advanced an 
alternative theory that respiratory inhibitors protect against 
swelling by stopping electron flow. 

The interpretation of the work presented in this paper is 
hindered by the lack of conclusive evidence in certain aspects of 
the electron transport field. By the judicious use of respiratory 
blocking agents and methylene blue, one should be able to de- 
termine a relationship between the reduction of some electron 
carrier and protection against swelling. This becomes difficult 
as long as one is unsure about the site of action of methylene 
blue, about the role of cytochrome b in the electron chain, and 
also about the precise locations of the blocks set up by Amytal 
and antimycin A. 

Concerning methylene blue, evidence has already been cited 
which indicates that methylene blue gets its electrons from 
cytochrome 6b. Nevertheless many flavoproteins can reduce 
methylene blue, including Straub’s diaphorase, a preparation 
known to contain little iron (23). From the experiments pre- 
sented in Table IV, it is obvious that in the DPN chain methylene 
blue can take electrons from the flavoprotein since the dye was 
able to reverse the Amytal block of oxidation, and the Amytal 
block certainly occurs on the substrate side of cytochrome b. 
The increase in oxidation when methylene blue is added to an 
antimycin A-blocked system is greater than in the Amytal 
system and may indicate that methylene blue is receiving elec- 
trons from cytochrome 6 as well. It is difficult to understand 
why methylene blue failed to reverse an antimycin block to any 
great extent in the succinate chain. This may be due to the 
lack of ability of the flavin adenine nucleotide of succinic de- 
hydrogenase to donate electrons to methylene blue (13) and to 
the lack of direct participation of cytochrome 6 in the non- 
phosphorylating succinoxidase system (24). The problem of 
ascertaining the mechanism by which anaerobiosis or respiratory 
blocks prevent swelling is indeed difficult. The facts gathered 
from this and other papers can be summarized as follows. The 
respiratory inhibitors, antimycin A, Amytal, and cyanide, all 
prevent swelling. Only the Amytal effect can be reversed by 
methylene blue, whereas in the DPN chain methylene blue can 


bypass all of these blocks of oxidation. In the succinate chain 
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TaBLe VIII 
Effect of cytochrome c reduction 


Experimental conditions are the same as in previous tables. 
Ascorbate concentration is 0.01 m. 








Swelling (A O.D. X 10 at 520) 
Medium addition ihe italiani 








a3 ae | av 
Experiment 1 | 
0 err — = 35 60 69 
— P me - | ee 
Ascorbate... eas | 44 | 7 82 
CN + ascorbate...............| 26 53 64 
Succinate Bei oak een wikis 2 | 16 | 33 | 48 
Succinate + CN....... 14 | 34 | 52 
Succinate + ascorbate...... 31 | 67 81 
Succinate + ascorbate + CN...| 37 63 | 71 
8-Hydroxybutyrate............ | 24 | 36 6|~ =|648 
8-Hydroxybutyrate + CN.......| 7 | 12 | 16 
8-Hydroxybutyrate + ascorbate 23 | S57 | ~ 88 
6-Hydroxybutyrate + ascorbate | | 
2 re ; 9 | 16 23 
Experiment 2 | | 
Succinate... er 27 68 | 112 
Succinate + CN....... tee 28 | 61 | 78 
Succinate + CN + ascorbate. .. 71 | 90 | 98 
Succinate + antimycin A + as- 
corbate ; 8 8 6 
Succinate + antimycin A + CN 
+ ascorbate. . Bris 9 10 | 12 
Succinate + antimycin A + CN 7 5 4 


only a cyanide inhibition of oxidation can be prevented by 
methylene blue. Finally, the reduction of cytochrome c does 
not prevent swelling as evidenced by the experiments with 
ascorbic acid. With these facts in mind, one might conclude 
that since Amytal prevents swelling and methylene blue negates 
this effect, while at the same time oxidizing DPN and flavo- 
protein, the reduction of these carriers may be related to mito- 
chondrial stability. On the other hand, since in the DPN chain 
methylene blue does not reverse the antimycin or cyanide pro- 
tective effects, one cannot say that reduction of DPN, flavo- 
protein, and cytochrome 6 is the protective mechanism for these 
inhibitors. Nor can one say that a block in the electron flux 
through the cytochromes is all that is necessary for protection, 
since such a block exists with Amytal and yet addition of meth- 
ylene blue causes swelling. If it is discovered that methylene 
blue takes electrons exclusively from the flavoprotein and that 
cytochrome b is involved in the DPN chain, then cytochrome 6 
reduction in this chain might be involved with mitochondrial 
stability. 

The difference between the succinate and DPN chains seen in 
the oxidation studies may be reflected in the difference observed 
in their effects on swelling. An interesting phenomenon ob- 
served in these experiments was the loss of effect of cyanide in 
preventing swelling in a succinate medium after mitochondria 
were kept in ice for a few hours. Cyanide maintained its effect 
when 6-hydroxybutyrate was the substrate. It is possible that 
the early succinate protection is due to the effect on carriers 
associated with certain endogenous DPN-linked substrates, 
which are lost or metabolized with time. One can further sur- 
mise that the blocking of members of the DPN chain affords 
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protection, whereas similar blocking of the succinate chain has 
little effect. This is further substantiated by data in Table V. 
The swelling in an ascorbate-cyanide medium is not reduced by 
the addition of succinate, although good protection is observed 
upon 6-hydroxybutyrate addition. 

In this and other work (3, 5, 6) evidence, through the use of 
respiratory inhibitors, has been accumulated implicating the 
reduction of certain carriers in the protection of mitochondria 
against swelling. The mechanism by which this reduction pre- 
vents swelling is not known, but the experiments presented in 
Table VII indicate the direction of our thinking. A parallelism 
between the protective effects of cyanide and ADP can be noted. 
ADP protects well against swelling when 8-hydroxybutyrate is 
the substrate but the initial protection by ADP in choline and 
succinate media is soon lost. Here again the DPN chain ap- 
pears to be involved in prevention of mitochondrial swelling, 
whereas the chains linking substrates directly to flavoprotein 
seem relatively ineffective. There is, however, one instance in 
which the succinate chain seems to be involved. Although ADP 
and cyanide by themselves have very little effect, their combina- 
tion protects very well against swelling in a succinate medium, 
an excellent synergism. There is also a synergistic effect of 
Amytal and ADP when choline is substrate, but none with cya- 
nide and ADP. These effects of ADP are all difficult to correlate 
and understand with the present status of knowledge about 
phosphorylation and about interrelationships of respiratory 
chains, but it is thought that this line of experimentation may 
lead to an understanding of the mechanism by which reduction 
of the carriers prevents the mitochondria from swelling. 

It should be pointed out that certain results of Lehninger and 
Schneider (6) differ from ours. They conclude, studying the 
swelling action of glutathione, that when cytochromes ¢ and a3 
are oxidized there is swelling, and when reduced there is none. 
Furthermore they maintain that this GSH-induced swelling is 


cyanide-sensitive and antimycin A-insensitive. All of their 
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work has been done in a sucrose-Tris medium, and we have 
confirmed the swelling effect of GSH in this medium. In media 
containing phosphate and magnesium in addition to sucrose-Tris, 
glutathione and cysteine do not cause swelling when other sub- 
strates are omitted, and actually protect when a substrate is 
present. In general, it has been our experience that many 
substances which protect actively metabolizing mitochondria 
will cause swelling when the mitochondria are relatively quies- 
cent, as in a sucrose-Tris medium. In the hypotonic sucrose- 
Tris medium used in our experiments, protection against the 
swelling induced by GSH was observed with all three respiratory 
inhibitors: cyanide, antimycin A, and Amytal. It should be 
pointed out that higher concentrations of antimycin A were 
used in our experiments than were used by Lehninger and 
Schneider, although the Amytal and cyanide concentrations were 
the same. We are at a loss to explain the discrepancies in the 
results of the two laboratories, but on the basis of our results the 
conclusion to be reached is that GSH-induced swelling is pre- 
vented by the same mechanisms found to protect against swelling 
in a hypotonic medium. 


SUMMARY 


In attempts to explain the prevention of mitochondrial swelling 
by certain reducing agents, swelling was studied under condi- 
tions in which different respiratory carriers were in an oxidized 
or reduced state. With the use of methylene blue it was dis- 
covered that reduction of the carriers was not necessary for 
protection by antimycin A and cyanide. Evidence has also been 
presented which indicates that blocking of the oxidation of the 
succinate chain has little effect in the prevention of mitochondrial 
swelling when compared to the inhibition of the electron trans- 
port chain of diphosphopyridine nucleotide-linked substrates. 
A synergistic action between adenosine diphosphate and the 
respiratory inhibitors in prevention of swelling is thought to be 
a key to the understanding of mitochondrial stability. 
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Physical or chemical disruption of the structure of liver mito- 
chondria usually leads to preparations with considerable re- 
spiratory activity, but with little or no activity in coupling 
phosphorylation to respiration. Under carefully controlled 
conditions, however, submitochondrial preparations with consid- 
erable phosphorylating activity may be obtained (1-5). At 
least some of the loss of phosphorylating activity which ordinar- 
ily accompanies mitochondrial disruption may be caused by 
uncoupling factors which are released or become active as mito- 
chondrial structure is altered. In a search for such endogenous 
factors, two distinct activities of this general type were observed 
(6). The first, R factor, is a protein-containing factor which 
releases respiration of mitochondria or mitochondrial subfrag- 
ments from its normal dependence on the presence of a phosphate 
acceptor system, but which does not uncouple phosphorylation 
(6). The second agent, here designated as U factor, which is 
heat-stable in nature and readily extracted from mitochondrial 
fractions with isooctane and other solvents, has been found to 
uncouple phosphorylation, release respiration from control by 
adenosine diphosphate, and cause the swelling of mitochondria. 
These effects of U factor may be prevented by the presence of 
bovine serum albumin. This paper is concerned with the assay, 
general properties, and enzymic formation of U factor in rat 
liver mitochondria. The possible identity of U factor with the 
active principles of the mitochondrial uncoupling preparations 
of Pullman and Racker (7), Polis and Shmukler (8), and Hiils- 
mann et al. (9) is also pointed out. 


EXPERIMENTAL AND RESULTS 


Rat liver mitochondria were isolated from sucrose homogenates 
as described before (10) and were washed 3 times; these served 
as starting material for the preparation of U factor and the phos- 
phorylating digitonin fragments (10) used to assay the U factor 
activity. 

Preparation of U Factor—A standard preparation of U factor 
in isooctane solution was used for many of the experiments de- 
scribed below. It was prepared as follows. The washed mito- 
chondria isolated from 60 gm. of rat liver were suspended in 
0.03 m KCl to make a total volume of 60 ml. The suspension 
was subjected to sonic oscillation for 30 minutes at 4° in the 
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cavity of a 9 ke. Raytheon magnetostriction oscillator. The 
sonically disrupted mitochondria were then incubated at 23° for 
2 hours. The suspension was brought to pH 3.0 with 5 n HCl 
and extracted 3 times with equal volumes of isooctane (2,2,4- 
trimethylpentane, “spectro” grade, Eastman). The emulsions 
formed were broken by freezing and thawing followed by cen- 
trifugation. The clear, colorless isooctane extracts were com- 
bined and stored at 0°, with no change in activity for months. 
This extract, was assayed as described below, contained approxi- 
mately 2.5 units of U factor per ml. 

Assay of U Factor Activity—The ability of U factor to un- 
couple oxidative phosphorylation was used as a basis for a semi- 
quantitative assay. Ordinarily, U factor was first extracted 
from aqueous mitochondrial suspensions or extracts by shaking 
3 times with equal volumes of isooctane, following the general 
procedure described above. Usually the aqueous phase was 
first brought to pH 3 to 4 with HC! prior to extraction, although 
essentially complete extraction was also observed at pH 6.5. 
The combined isooctane extracts were made to a standard vol- 
ume. 

The enzymic assay of U factor present in isooctane extracts was 
carried out as follows. Small aliquots of the isooctane extract, 
between 0.1 to 5.0 ml., were placed in 20-ml. beakers of the type 
used in the Dubnoff shaker. These extracts were then evapo- 
rated to dryness by placing them in a large desiccator attached 
to a water aspirator. The isooctane-extractable material was 
thus deposited in a thin, invisible layer in the beaker. The 
components of the enzymic test system were then pipetted 
directly into the prepared beakers and the medium shaken in the 
beaker for 15 minutes at 20° before the addition of the enzyme 
to dissolve or suspend the uncoupling factor. 

The enzyme test system contained 0.01 m p1-8-hydroxybutyr- 
ate, 0.0024 m ADP, and 0.03 m phosphate buffer, pH 6.5, labeled 
with P® (~ 2 x 10°c¢.p.m.). A water suspension of phosphory]- 
ating digitonin fragments from rat liver (10), containing about 
200 ug. total N, was added last to complete the system which had 
a total volume of 2.0 ml. Incubation was carried out at 20° for 
15 to 20 minutes. The reaction was stopped with trichloroacetic 
acid and the phosphate uptake and acetoacetate formation 
measured as described before (10); the data were used to caleu- 
late the P:2e ratios. The control P:2e ratios, obtained in the 
absence of added U factor, were between 1.5 and 2.0. 

U factor activity was expressed in terms of arbitrary units; 
1 unit was defined as the amount required to lower the P:2e 
ratio in the above test system to 50 per cent of its control value. 
Ordinarily two or three levels of each sample of U factor were 
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TABLE [ 


Uncoupling of phosphorylation and respiratory release by U factor; 
action of serum albumin 

The test system for oxidative phosphorylation contained 0.01 m 
pL-8-hydroxybutyrate, 0.0024 m ADP, 0.01 m histidine pH 6.5, 
0.03 m phosphate buffer pH 6.5 (labeled with P#?, ~ 1 X 105 
c.p.m.), 0.01 m glucose, 1.0 mg. hexokinase preparation; 0.001 m 
EDTA, digitonin fragments (215 ug. N), and U factor equivalents 
as shown below in total volume of 2.0 ml. Serum albumin was 
added at 4.0 mg. per vessel asshown. The test system for release 
of respiration contained only 0.01 m 6-hydroxybutyrate, 0.01 m 
histidine pH 6.5, 0.001 m EDTA, digitonin fragments (215 ug. N), 
and U factor as shown to total volume of 2.0ml. All vessels were 
incubated 20 minutes at 20°. Aliquots of U factor solution in 
isooctane (2.2 units per ml.) were evaporated in reaction vessels 
as shown. 











Acetoacetate formed 
U factor Serum albumin a P:2e 
| No acc eptor | Plus acceptor | 

ml. | mumoles myumoles 
0.0 - 120 324 2.24 
0.3 _ | 178 318 1.86 
0.5 - | 218 328 0.94 
0.7 - | 268 334 0.54 
1.0 - | 290 326 0.14 
1.5 - 308 332 0.06 
1.5 + 102 338 2.30 
6.0 - 9% | 88 | 0.02 
6.0 + 122 306 2.02 








TaBLe II 
Effect of U factor on ATP exchange reactions and AT Pase 

The test system for the ATPase and ATP-P;*? exchange reac- 
tion contained 0.006 m ATP pH6.5, 0.0004 m phosphate labeled with 
P® (1.22 X 10° ¢.p.m.) and digitonin fragments (208 wg. N) ina 
total volume of 2.0 ml. A 1.5-ml. aliquot of U factor in isooctane 
(3.5 units) was evaporated in the vessel beforehand. 
bation period was 20 minutes at 20°. 

The ATP-ADP exchange was measured in a system containing 
0.004 m ADP-C"™ (14,000 ¢.p.m.), 0.006 m ATP, pH 6.5, and digi- 
tonin fragments (55 wg. N) (aged 72 hours at 0° (11)) in total vol- 
ume of 0.5 ml.; 1.75 units of U factor were added as shown. The 
incubation period was 20 minutes at 20°. Serum albumin was 
added as shown at a level of 2.0 mg. per ml. 


The incu- 











Activity 
Experiment No. | Sdcier 
No addition} U factor + serum 
albumin 
| 
mumoles mpmoles | mmoles 
1. ATP-P;** exchange, ATP? | 
formed. . ee | 112 6 136 
2. ATP-ase activity, P; formed.. 320 540 | 284 
3. ATP-ADP exchange, ATP-C" | 
OO eer ree | 370 370 370 








assayed and the unitage arrived at by extrapolation if necessary. 
The activity of a sample could thus be established to within 
about 25 per cent. 

Action of U Factor on Oxidative Phosphorylation and on Re- 
spiratory Control by ADP—The typical data collected in Table I 
show that preparations of U factor extracted from sonically 
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disrupted and aged rat liver mitochondria as described previ- 
ously cause uncoupling of phosphorylation and release of respira- 
tion from its dependence on the presence of a phosphate 
acceptor system, when tested with suspensions of digitonin frag- 
ments from rat liver mitochondria. Both the uncoupling and 
release of respiration are dependent on concentration of U factor; 
at the higher levels tested uncoupling and release of respiration 
were essentially complete. Furthermore, it is seen that the 
release of respiration by U factor resembles that given by dini- 
trophenol (6) in that the extent of release of respiration in the 
absence of acceptor is parallel and roughly proportional to the 
extent of uncoupling when acceptor is present. The action of 
U factor thus is different from that of R factor; the latter causes 
respiratory release but does not uncouple phosphorylation sig- 
nificantly (6). 

The data in Table I also show that bovine serum albumin 
completely prevents the respiration-releasing activity and also 
the uncoupling activity of the highest level of U factor added 
to the test systems. When great excesses of U factor were 
added in the absence of serum albumin, substantially greater 
than required to uncouple phosphorylation completely, the 
respiration was severely inhibited; a typical experiment is shown 
in Table I. This effect is also prevented by serum albumin. 

Effect of U factor on ATPase and ATP Exchange Reactions—U 
factor also causes the inhibition of the ATP-P;* exchange re- 
action and the stimulation of ATPase activity of the digitonin 
fragments as shown by the data in Table II. In these respects 
U factor also resembles the action of dinitrophenol. These 
effects of U factor are completely prevented by an excess of 
bovine serum albumin as shown by the data. Great excesses 
of U factor in the absence of serum albumin caused substantial 
inhibition of ATPase; its action is therefore biphasic as is its 
action on respiration. 

The data in Table II show, however, that the ATP-ADP 
exchange reaction as it occurs in aged digitonin fragments (11) 
is not inhibited by U factor. Under these conditions dinitro- 
phenol likewise has no effect on this exchange (11). 

From these findings it appears likely that U factor at the 
concentration levels tested is an uncoupling agent that has effects 
very similar to those of dinitrophenol, suggesting that it acts at 
the same point in the coupling mechanism, presumably near the 
carrier level (11-13). U factor thus differs in its action from 
other uncoupling agents such as gramicidin, arsenate, and azide 
which have characteristically different actions on the ATP ex- 
change reactions and ATPase activity (11, 12). 

Mitochondrial Swelling Caused by U Factor—U factor causes a 
great acceleration of the swelling of rat liver mitochondria (cf, 
14-16) suspended in a medium of 0.125 m KCI-0.02 m Tris buffer! 
at pH 7.4, as is shown in Fig. 1. Approximately 0.2 unit of U 
factor caused swelling of a 50 mg. of tissue equivalent of rat liver 
mitochondria, equal to the rate produced by 1 xX 10-° M I- 
thyroxine (14) or 3 X 10-®m sodium oleate. As seen in Fig. 1, 
the swelling produced by U factor was completely prevented by 
the presence of 1.0 mg. per ml. of bovine serum albumin in the 
test medium. 

Effect of Sodium Oleate—Sodium oleate solutions appear to be 
capable of duplicating all of the effects of U factor with respect 
to uncoupling, inhibition of the ATP-P;* exchange, stimulation 

1The abbreviations used are: EDTA, ethylenediaminetetra- 
acetate; P;, inorganic orthophosphate; Tris, tris(hydroxymethyl)- 
aminomethane. 
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of ATPase activity, release of respiration from its dependence 
on the presence of a phosphate acceptor system and mitochondrial 
swelling. The uncoupling activity of a 1.0 unit of U factor could 
be reproduced by approximately 0.03 umole of sodium oleate. 
Similarly the mitochondrial swelling activity of a 1.0 unit of U 
factor could be produced by about 0.03 umole of sodium oleate. 

Enzymic Formation of U Factor—Data in Table III show that 
freshly prepared intact mitochondria or sonically disrupted 
mitochondria contain very little or no U factor activity when 
extracted and assayed according to the procedures described 
above. However, when such pr «rations are incubated for 1 
to 2 hours at 37° a large increase in extractable U factor activity 
occurs. Such formation of U factor activity is accompanied by 
a virtually complete loss of phosphorylation activity of the 
mitochondria, suggesting that formation of the factor causes 
uncoupling of the phosphorylation mechanism. Similar experi- 
ments in Table III show that U factor is formed on incubation 
of sonically disrupted mitochondria at about the same rate as in 
intact mitochondria. The formation of U factor does not occur, 
however, if the mitochondria are first heated for 5 minutes in a 
boiling water bath prior to incubation. The formation of U 
factor thus appears to be enzymic in nature. The formation of 
U factor in suspensions of sonically treated mitochondria is a 
function of pH, being optimum between pH 5.6 and 6.5, as shown 
by the data in Table IV. 

Effect of Cofactors and Inhibitors—The rate of enzymic forma- 
tion of U factor in sonically disrupted mitochondria is affected 
by the presence of various agents. Data in Table V show that 
the formation of U factor is not inhibited by 0.001 m sodium 
cyanide, 0.001 m sodium azide, 0.01 m arsenate, or 0.001 m CaClo. 
On the other hand, 0.02 m sodium fluoride inhibited U factor 
formation 50 per cent and 0.001 m HgCl: inhibited it about 80 
per cent. 

The data in Table V also show that inorganic phosphate is 
apparently not a requirement for the formation of U factor. 
Similarly the presence of ATP, ADP, DPN, or Mg++ had no 
effect. However, it is highly significant that the presence of 
ATP and CoA during the incubation of the sonically disrupted 
mitochondria often greatly reduced the amount of U factor 
extractable with isooctane. The inhibition under these cir- 
cumstances approached 80 per cent, particularly with short 
reaction periods. CoA added alone was generally ineffective. 
Oxidized CoA was ineffective even when added with ATP. The 
possible significance of these observations is discussed below. 

Mitochondrial Components Required for Formation of U Fac- 
tor—Some simple fractionation experiments were carried out to 
establish which mitochondrial components are involved in the 
formation of U factor. Intact mitochondria were incubated for 
2 hours at 37°, chilled, subjected to sonic treatment for 15 
minutes, and then centrifuged at 120,000 x g for 30 minutes in 
the Spinco model L ultracentrifuge to separate the sonically 
disrupted mitochondria into a soluble supernatant fraction and 
an insoluble pellet, which was resuspended in 0.03 m KCl. Each 
fraction, as well as the unfractionated suspension, was separately 
extracted with isooctane and the location of U factor determined 
by the uncoupling assay. The data in Table VI show that U 
factor formed in intact mitochondria on aging is recovered almost 
entirely from the particulate residue which presumably consists 
of fragments of the mitochondrial membrane with only a small 
portion present in the soluble protein fraction, which in turn 
presumably originates largely in the mitochondrial matrix. 
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Fic. 1. Swelling action of U factor on rat liver mitochondria. 
Aliquots of isooctane solution of U factor were evaporated in 
matched cuvettes. A medium of 5.0 ml, 0.125 m KC1-0.02 m Tris 
pH 7.4 was added to each tube. The effects of U factor were 
compared with the swelling action of 3 X 10-* m sodium oleate. 
Optical absorbancy changes were measured at 520 my at 20° after 
the addition of washed rat liver mitochondria derived from 50 mg. 
whole liver (14). Serum albumin was added at 1.0 mg. per ml. 


TaB_LeE III 
Formation of U factor and decline of P:2e ratio during incubation 
of mitochondria 
In Experiment 1 each tube contained intact mitochondria iso- 
lated from 5.0 gm. whole rat liver, suspended in 10.0 ml. of 0.03 
M KClI-0.01 m Tris buffer pH 7.4. 
37° for 2 hours as shown. 


The tubes were incubated at 
For analysis of U factor, the tubes were 
chilled in ice, the contents treated sonically for 15 minutes at 4°, 
and U factor extracted from the acidified contents with 3 equal 
volumes of isooctane and assayed as described in the text. Alli- 
quots (1.0 ml.) of the mitochondrial suspension in parallel tubes 
were used to determine the change in the P:2e ratio as a result of 
the incubation at 37°. The test system for the latter determina 
tion contained 0.01 m 6-hydroxybutyrate, 0.0024 m ADP, 0.03 m 
phosphate pH 7.4, 0.005 m MgCl, 0.001 m DPN, 0.03 m glucose, 
2.0 mg. Type V yeast hexokinase, and 0.03 m KCl in a total vol- 
ume of 2.0 ml. Incubation was 20 minutes at 20°, 

In Experiment 2, the details were the same except that the 
mitochondrial suspension was first treated sonically in 0.03 m 
KCI at 0° for 15 minutes prior to the 2 hour incubation at 37°; 
tests of the P:2e ratio were not carried out. 











, a, 
| rhe : ping tube} P:2e 
ment No.| ee Before | After | Before | After 
| incuba- |incuba- jincuba- |incuba- 
| tion } tion | tion | tion 
1 | Intact mitochondria 2 55 | 2.20 | 0.32 
| Intact mitochondria | 2 50 | 2.16 0.22 
| Boiled intact mitochondria* = . 2 | 
2 | Sonic-treated mitochondria 5 60 | 
| Sonic-treated mitochondria 5 60 
Boiled sonicated mitochon- 5 5 


dria* 





* Tubes were placed in boiling H.O bath for 5 minutes before 
incubation at 37°. 


Experiments were then carried out to determine the location 
of the enzyme capable of forming U factor. Freshly prepared 
sonic-disrupted mitochondria were centrifuged and separated 
into a soluble fraction and a particulate residue. These fractions 
were incubated at 37° for 2 hours, separately or combined as 
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TaBLe IV 
Effect of pH on formation of U factor 

Each tube contained sonic-treated mitochondria derived from 
5.0 gm. of whole rat liver in 10.0 ml. 0.03 m KCl, buffered at pH 
4.8 with 0.01 m acetate, at pH 5.6 and 6.5 with 0.02 m histidine, 
and at pH 7.4 and 8.5 with 0.01 m Tris. The tubes were incubated 
1 hour at 37°, acidified, extracted with isooctane, and the U fac- 
tor formed was determined as described in the text. 


pH U factor formed 
: units 7 
4.8 34 
5.6 78 
6.5 70 
7.4 50 
8.5 20 
TABLE V 


Effect of inhibitors and cofactors on formation of U factor 


Assay carried out on sonic-treated mitochondria exactly as in 
Table IV, using a medium of 0.03 m KCI-0.01 m Tris buffer, pH 








7.4. Additions to the medium were made as shown. 
Additions U factor formation 

units 
1. None.. 105 
0.001 m sodium cyanide... ee 100 
0.001 m sodium azide 5a 95 
O08 Mi GOGIUM QTOOMALE... ... 0. cscs eeees 105 
0.001 m calcium chloride..................... 100 
0.02 m sodium fluoride.......... ad 50 
eee cites " | 70 
NN ccc. 5 asis bie a0 Diane» Yidle Bhave wise Oie.w b 10 
0.003 mM ATP... 65 
0.003 m ADP.. 75 
0.003 m DPN 75 


0.001 m MgCl... aut ae 80 


0.01 m phosphate.......... patdieaeaal 75 
eat reer ete es 55 
0.008im ATP..... aie bs enact 45 
SE ee eal 50 
0.005 m ATP + 0.005 m CoA-SH..... 10 


0.005 m ATP + 0.005 m CoA (—SS—)........| 40 





shown, as was a sample of the original unfractionated suspension. 
The data in Table VI show that neither fraction possesses the 
entire activity of the whole suspension. The particulate frac- 
tion alone forms only a small amount of U factor, less than 15 
per cent of that formed by the whole suspension. The soluble 
fraction alone shows only about 30 per cent of the activity of the 
whole suspension. When the two fractions were boiled before 
incubation, each lost its activity completely (Table VI). These 
findings indicate that the substrate and enzyme, or cofactors, 
presumably involved in the formation of U factor are not located 
in the same fraction. 

When the supernatant fraction was boiled and incubated with 
unboiled particulate fraction, relatively little U factor was 
formed. Conversely, when the boiled particulate fraction was 
combined with unboiled supernatant fraction, full activity in 
the formation of U factor was restored. The experiment sug- 
gests that the particulate fraction contains a heat-stable sub- 
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stance, presumably a substrate or cofactor, necessary for the 
action of a heat-labile component in the soluble fraction in the 
formation of U factor. It must be pointed out that the heating 
of mitochondrial fractions as carried out above may cause 
changes in the extractability of U factor by isooctane, in addi- 
tion to inactivation of a heat-labile factor. 

Action of Serum Albumin on Phosphorylating Mitochondrial 
Fragments—Phosphory lating fragments of rat liver mitochondria 
prepared by the digitonin procedure (1, 10) lose phosphorylating 
activity on aging at 0°. Concomitantly, they also lose their 
activity in catalyzing the ATP-P;” exchange reaction and di- 
nitrophenol-stimulated ATPase (18). Such inactivated prep- 
arations can be reactivated by the addition of serum albumin 
as shown in Table VII. It is seen that the addition of serum 
albumin reactivated almost completely the phosphorylation and 
exchange in a preparation of digitonin fragments aged for as 
long as 44 hours at 0°. Preparations aged for longer periods 
were not activated, but, they had lost activity in oxidation of 
6-hydroxybutyrate because of the loss of bound DPN. These 
findings are thus similar to those of Pullman and Racker (7) on 
intact mitochondria. 

Extraction of U Factor from Aged Digitonin Fragments—The 
reactivating effect of serum albumin on aged digitonin fragments 
suggested that U factor was being formed enzymically in the 
fragments during storage. This was confirmed by the extrac- 
tion of fresh and aged digitonin fragments with isooctane, and 
assay of the extracts for uncoupling activity in a test system in 


TaBLeE VI 
Fractionation experiments on formation of U factor 


In Experiment 1, 20.0 ml. of a suspension of rat liver mito- 
chondria derived from a 12.0 gm. whole rat liver in 0.03 m KCl- 
0.02 m Tris, pH 7.4, was incubated 1 hour at 37°. It was then 
treated sonically 15 minutes at 4°. A 10-ml. aliquot was cen- 
trifuged at 105,000 X g. for 30 minutes to yield a supernatant frac- 
tion and the pellet, which was resuspended in 10 ml. 0.03 m KCl. 
After acidification, each fraction and the whole suspension was 
extracted with isooctane and assayed for U factor activity. 

In Experiment 2, 10.0 ml. aliquots of freshly prepared sonic 
suspension, supernatant fraction, and resuspended residue, pre- 
pared as above and derived from fresh, unincubated mitochondria 
isolated from 6.0 gm. of whole rat liver, were incubated for 2 
hours at 37°. Some of the tubes were first heated 5 minutes in a 
boiling H.O bath before incubation, as indicated below. 








. = * ae | » : | U factor 
Exp. No. |Fraction inc ubsted! Fraction analyzed formed units 





1 Intact mito- | Sonic-treated mitochondria. . 27 
chondria Supernatant fraction........ 2 
| Residue fraction..............| 2 
Supernatant fraction plus | 
ee 38 


Fraction incubated and assayed 


2 Whole sonic suspension 
Whole sonic suspension boiled 
Supernatant fraction........ art ke Ab cena 14 





Supernatant fraction boiled | 2 
Residue fraction cas 10 
Residue fraction boiled. 4 
Boiled residue + unboiled supernatant 64 
Boiled supernatant + unboiled residue...... 12 
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which freshly prepared digitonin fragments were employed. 
Data in Table VIII demonstrate that freshly prepared digitonin 
fragments contain a small but significant amount of material 
extractable with isooctane and capable of uncoupling phos- 
phorylation. Extracts of the fragments aged at 0° for increasing 
periods of time contained increasing amounts of the uncoupling 
factor; the change was 9-fold over 72 hours at 0°. The un- 
coupling action of this factor was completely prevented by adding 
serum albumin to the test medium at levels of 2.0 to 5.0 mg. 
serum albumin per ml. That the formation of U factor in aging 
digitonin fragments is enzymic was shown by an experiment 
with boiled digitonin fragments in which no increase in isooc- 
tane-extractable, uncoupling factor occurred during incubation 
over 72 hours at 0°. Further evidence for the identity of the 
factor formed in aged digitonin fragments was obtained by 
washing aged fragments with serum albumin solution. The 
serum albumin solution was then extracted with isooctane which 
was found to contain the uncoupling factor. 

These experiments show that the phosphorylating digitonin 
fragments contain the components necessary for the formation 
of U factor, although only a small fraction of the total capability 
of intact mitochondria in forming the factor is present. 


DISCUSSION 


The evidence summarized in this paper indicates that a potent 
uncoupling agent of oxidative phosphorylation is formed in intact 
mitochondria or in mitochondrial fractions on incubation in the 
absence of oxidizable substrates or adenine nucleotides by an 
enzymic reaction in which the substrate or a heat-stable cofactor 
is contributed largely by the insoluble particulate fraction, 
presumably derived from the membranes, and a _ heat-labile 
component is contributed largely by the soluble fraction. 

The properties of the uncoupling agent suggest that it may be 
a long-chain fatty acid. The U factor is heat-stable and readily 
extractable from aqueous phases by isooctane, diethyl ether, or 
benzene, at pH 6.5 or below, but not extractable above pH 8. 
It is already known that fatty acids uncouple oxidative phos- 
phorylation (19) and inhibit certain processes dependent on it, 
such as fatty acid oxidation (20). In addition fatty acids have 
profound effects on ATPase activity (19). Enzymic formation 
of free fatty acids from endogenous lipides of mitochondria ap- 
pears to be a possible mechanism for the formation of an endog- 
enous uncoupling agent, since the mitochondrial fraction of liver 
homogenates is known to have some phospholipase activity and 
the mitochondrial membranes or their fragments contain large 
amounts of phospholipide (cf. (21)), which could offer consider- 
able potential substrate for the formation of free fatty acid. 
Lastly, identity of U factor as a fatty acid is suggested by the 
ability of serum albumin to prevent its uncoupling action; serum 
albumin also prevents uncoupling by fatty acids such as oleate 
presumably because of its avid capacity to bind fatty acids. 

Additional suggestive evidence that U factor may be a fatty 
acid comes from the finding that the presence of ATP and CoA 
inhibits its enzymic accumulation. Mitochondria contain ac- 
tivating enzymes that cause the formation of fatty acyl-CoA 
esters from free fatty acids (22). Enzymic conversion of free 
fatty acids into the CoA esters could be expected to result in a 
form of the fatty acid which is more soluble in water and less 
readily adsorbed, and thus less inhibitory to phosphorylation. 
Furthermore, the CoA esters would not be expected to pass into 


isooctane from an aqueous phase. Enzymic formation of the 
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TaBLe VII 

Reactivation of aged digitonin fragments by serum albumin 

A suspension of digitonin fragments (9) in distilled H.O (1.10 
mg. N per ml.) was aged at 2°. Aliquots were taken at 0, 24, and 
44 hours and assayed for phosphorylation efficiency and the 
ATP-P;* exchange in the presence and absence of crystallized 
bovine serum albumin at a level of 2.0 mg. per ml. 
are described in the text. 


Assay details 











ATP-P;® exchange, ATP Oxidative phosphorylation 
P:2e 


Age of digitonin formed 
fragments . 
-sA* | +SA —SA | +SA 
hrs. mumoles mumoles | 
0 122 148 1.98 | 2.16 
24 44 154 1.08 | 1.92 
44 5 124 0.14 1.64 


* SA, serum albumin. 


TaB_e VIII 
Formation of U factor on aging digitonin fragments 
A suspension of digitonin fragments in H.O (1.24 mg. N per 
ml.) was aged at 2°. Aliquots, 4.0 ml., were taken at the times 
shown, acidified, extracted with isooctane, and U factor activity 
of the extracts assayed. 


Age of digitonin fragments U factor per mg. enzyme N 


hrs. 


units 


1 2 
24 8 
48 12 
72 18 


72 (boiled) 1 
relatively less ‘‘toxic”” CoA esters from the toxic free fatty acids 
may be at least partly responsible for the observation of Mc- 
Murray and Lardy (17) that additions of CoA-SH increase or 
stabilize the P:2e ratio in suspensions of mitochondrial fragments 
obtained by sonic treatment of mitochondria. This effect of 
ATP + CoA-SH on the formation of U factor was somewhat 
variable and never produced complete inhibition of U factor 
formation, however. 

The factor described here may be identical with the active 
principle of the mitochondrial uncoupling material described by 
Pullman and Racker (7) and may also be present in the mito- 
chrome of Polis and Shmukler (8). The uncoupling activity of 
both substances is reversed by serum albumin. Furthermore 
Hilsmann et al. (9) have recently shown that the uncoupling 
activity of mitochrome preparations may be extracted with iso- 
octane. The latter authors also showed that this factor in- 
hibited the ATP-P;* exchange reaction. Very rapid formation 
of U factor from endogenous precursors may also be suggested 
as the basis for the finding that serum albumin, or one of a few 
other proteins, (23) must be present in the test medium in order 
to demonstrate any oxidative phosphorylation at all in suspen- 
sions of fly muscle mitochondria (23). Recent experiments of 
Wojtczak and Wojtezak (24) have shown that serum albumin 
solutions extract a benzene-soluble uncoupling agent from wax- 
moth larval mitochondria. 

Although it would appear simplest to conclude that the forma- 
tion of U factor is a nonspecific consequence of the disruption of 
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cell or mitochondrial structure and subsequent lipolysis to pro- 
duce free fatty acid, and that this mechanism has no particular 
physiological significance, such a conclusion seems premature. 
It appears necessary first to establish the identity of U factor 
with more certainty, and further work is now being carried 
out to purify the isooctane-extracted, mitochondrial factor 
by chromatographic means. Although many long-chain fatty 
acids have uncoupling activity, it is possible that the bulk of the 
endogenous U factor activity may be contributed by one spe- 
cific type of fatty acid which may not be one of the more common 
or abundant fatty acids of animal tissues. Also, free or unes- 
terified fatty acids are normally found in the blood and tissues 
as a transport form in significant concentrations (25). Further- 
more, a physiological uncoupling function of free fatty acids has 
been postulated by Langdon to explain some features of the meta- 
bolic integration of fatty acid and pyruvate oxidation in mito- 
chondria (26). 

Promotion of mitochondrial swelling by U factor suggests that 
it is an important endogenous or intracellular factor in swelling, 
together with the other intracellular swelling agents, such as 
thyroxine, Ca++, phosphate, and glutathione (cf. (27)). It is 
significant that serum albumin causes substantial potentiation 
of the action of ATP and Mgt* in reversing mitochondrial 
swelling (27), suggesting that the serum albumin combines with 
U factor. 

SUMMARY 

Incubation of intact or sonically disrupted rat liver mito- 
chondria at 37° causes the loss of the ability to couple phos- 
phorylation to respiration and the simultaneous formation of an 
isooctane-extractable, heat-stable uncoupling agent designated 
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as U factor. This factor also stimulates respiration in the 
absence of a phosphate acceptor system, inhibits the adenosine 
triphosphate (ATP)-inorganic orthophosphate-P” exchange re- 
action, and stimulates ATPase activity. U 
swelling of rat liver mitochondria. These actions of U factor are 
abolished by the presence of serum albumin. 

Enzymic formation of U factor in sonically disrupted mito- 
chondria is heat-labile and has an optimal pH of about 6.0. It 
is not affected by inhibiting respiration with cyanide or azide, 
by the addition of ATP, adenosine diphosphate, Mgt*, Ca++, 
diphosphopyridine nucleotide, or arsenate, but is inhibited by 
fluoride and Hg++. The presence of both ATP and the reduced 
form of coenzyme A greatly inhibits the accumulation of iso- 
octane-extractable U factor, and this may account for some of 
the beneficial action of coenzyme A in oxidative phosphorylation. 

The enzymic formation of U factor requires a heat-stable com- 
ponent, possibly a lipide, which is present largely in the particu- 
late fraction from sonic-treated mitochondria, plus a heat-labile 
component which is present in the soluble fraction of sonic- 
treated mitochondria. Enzymic formation of U factor also 
occurred in phosphorylating digitonin fragments derived from 


factor also causes 


mitochondrial membranes. 

U factor has properties consistent with those of higher fatty 
acids and its enzymic formation from endogenous lipides may be 
responsible for the rapid inactivation of oxidative phosphoryla- 
tion that occurs when mitochondria are disrupted. A physio- 
logical role for U factor appears possible. 
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A number of agents have been shown to cause swelling of mito- 
chondria in vitro. include five substances of known 
intracellular occurrence, namely, thyroxine (1-3), inorganic 
phosphate (4, 5), Ca** (1, 4), reduced glutathione (6), and the 
unidentified endogenous uncoupling agent, U factor (7). In 
addition, other agents such as p-chloromercuribenzoate (8), 
arsenate (5), Zn*+ (5), phlorizin (9), and simple hypotonicity 
(4) also cause mitochondrial swelling. 

In preceding papers it has been demonstrated that the mito- 
chondrial swelling produced by thyroxine may be readily re- 
versed with extrusion of water by addition of ATP alone (3, 10). 
Other nucleoside triphosphates were inactive. The reversal by 
ATP occurred in a buffered saline medium or in distilled water, 
but not in 0.3 M sucrose media. It may proceed independently 
of respiration and phosphorylation, since it is not inhibited by 
dinitrophenol or cyanide. However, it is inhibited by azide, 
arsenate, Dicumarol, and gramicidin, suggesting some relation- 
ship of mitochondrial contraction to intermediate reactions of 
oxidative phosphorylation. 

It became of interest to determine whether mitochondrial 
swelling produced by agents other than thyroxine could also be 
reversed by a similar ATP-dependent process in view of some 
indications that the swelling induced by different agents may 
differ in chemical mechanism and in the morphological con- 
figuration produced (6, 9). Also, earlier experiments showed 
that spontaneous mitochondrial swelling could not be reversed 
by ATP under conditions which were adequate for reversal of 
thyroxine-induced swelling (10). 

This paper describes the results of a comparative survey of 
the requirements for ATP-linked reversal of mitochondrial 
swelling induced by a wide variety of agents. The results show 
that only thyroxine-induced swelling can be reversed by addition 
of ATP alone but that mitochondrial swelling produced by Ca**, 
phosphate, U factor, oleate, hypotonicity, phlorizin, and other 
agents can also be reversed in vitro by ATP if Mgt* (or Mn++) 
and serum albumin or EDTA! are also present, in addition to 
ATP. The findings point to an ATP-specific mechanism, pos- 
sibly contractile in nature, which can cause reversal of mito- 
chondrial swelling induced by a variety of agents. 


These 


EXPERIMENTAL 


Tests of mitochondrial swelling and shrinking were carried out 
exactly as described in earlier publications (3, 10). Full details 


* Supported by grants from the United States Public Health 
Service, the National Science Foundation, the Nutrition Founda- 
tion, Inc., and the Whitehall Foundation. 

'The abbreviations used are: EDTA, ethylenediaminetetraace- 
tate; and Tris, tris(hydroxymethy])aminomethane. 


of the individual experiments are given in the figure legends. 
The rat liver mitochondria were prepared as described before (3, 
10) and kept in a stock suspension in 0.25 m sucrose (1.0 ml. 
containing the mitochondria derived from 1.0 gm. of fresh liver) 
at 0° for no longer than 3 hours before use. Aliquots of this 
suspension were added to 5.0 ml. of test medium, usually 0.125 m 
KCI-0.02 m Tris, pH 7.4, to produce an initial optical absorbancy 
of between 0.4 and 0.6 at 520 mu. 

Additions of ATP and other agents were made in the form of 
small volumes of concentrated solutions to avoid significant 
volume changes in the reaction systems. 

RESULTS 

In conducting this survey of requirements for reversal of mito- 
chondrial swelling caused by different agents, a large number of 
comparative experiments was carried out in which ATP alone 
or in combination with other pertinent compounds was added 
to mitochondrial suspensions after more or less complete swelling 
had been induced by the specific swelling agents indicated. 
Ordinarily the requirements for reversing each type of swelling 
were matched against control vessels in which thyroxine-induced 
swelling was reversed by ATP. 

Thyroxine-induced Swelling—For comparative purposes the 
requirements for reversing thyroxine-induced swelling (3, 10) 
are shown in Fig. 1. It is seen that ATP alone caused nearly 
maximal reversal of swelling. The presence of Mg*+ is not 
required and often causes some inhibition of the reversal, in 
striking contrast to the definite requirement for Mg++ or Mn++ 
in reversing swelling induced by other agents to be described. 
The addition of crystallized bovine serum albumin (Armour) 
with ATP usually accelerated the contraction, but serum albumin 
alone had no effect in the low concentration used (2.0 mg. per ml. 
of medium). ADP does not reverse thyroxine-induced swelling 
(3). Earlier experiments demonstrated that the 5’-triphosphates 
of other nucleosides cannot replace ATP (10). 

Phosphate-induced Swelling—As demonstrated in other studies 
(4, 5), inorganic phosphate causes drastic swelling of rat liver 
mitochondria which is accompanied by loss of mitochondrial 
DPN (5). The findings summarized in Fig. 2 show that addi- 
tion of ATP alone does not cause reversal of phosphate-induced 
swelling, in contrast to the thyroxine-induced swelling. How- 
ever, the combination of ATP + Mg++ causes rapid and sub- 
stantial reversal of swelling; Mg++ alone does not. The addition 
of serum albumin, itself ineffective, produces maximal rates of 
reversal with ATP + Mgt+. Neither ADP nor UTP causes 
reversal when tested with Mg++. The addition of EDTA was 
also found to stimulate contraction induced by ATP and Mgt*. 

DPN alone or in combination with ATP + Mg** produces 
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Fig. 1. Reversal of thyrosine-induced swelling by ATP. Test 
system consisted of 5.0 ml. of 0.125 m KCl-0.02 m Tris, pH 7.4, 
containing 1.0 X 10-° m L-thyroxine and 50 mg. of mitochondrial 

















equivalent. Additions were 0.005 m ATP or ADP, 0.003 mM MgCl., 
and 2.0 mg. per ml. of bovine serum albumin (SA). Temperature, 
20° 
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Fig. 2. Requirements for reversal of phosphate-induced swell- 
ing. Test system consisted of 5.0 ml. of 0.125 m KCl-0.02 m Tris, 
pH 7.4, containing 0.01 m phosphate, pH 7.4, as swelling agent and 
50 mg. of mitochondrial equivalent. Additions made as shown 
were 0.005 m ATP, ADP, or UTP; 0.003 m MgCl.; and 2.0 mg. per 
ml. of bovine serum albumin (SA). Temperature, 20°. 


no significant effect on the rate of contraction of phosphate- 
swollen mitochondria. 

Arsenate also causes swelling of rat liver mitochondria (5). 
Arsenate-induced swelling was also found to be reversible by 
ATP + Mg++. In all respects examined, the requirements and 
characteristics of the reversal of arsenate- and phosphate-induced 
swelling were identical. 

Cat+-induced Swelling—Neither ATP alone nor ATP + Mg** 
reverses Ca*++t-induced swelling significantly, as is seen in Fig. 3. 
However, addition of either EDTA or serum albumin with 
ATP + Mg?*+ produced prompt and effective reversal of swelling. 
When both EDTA and serum albumin were present, in addition 
to ATP + Mg*+, maximal rates and extent of reversal were pro- 
duced. ADP, CTP, and UTP were found to be ineffective in 
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reversal of Cat+-induced swelling. Mn++ appeared to be as 
effective as Mg*+, in combination with ATP and serum albumin. 
DPN additions did not affect the reversal of Ca*+-induced 
swelling. 

Hypotonic Swelling—Rat liver mitochondria suspended in 0.02 
M Tris buffer (pH 7.4) alone, without supporting solutes such as 
KCl or sucrose, swell almost instantaneously. It is seen from 
the experiments illustrated in Fig. 4 that such swelling is readily 
and maximally reversed by ATP + Mg** + serum albumin, 
and by ATP + Mn++. The combination of ATP + Mg++ 
produced some reversal, especially if the mitochondria were 
relatively fresh. Ordinarily, however, the contraction produced 
was not maintained and the mitochondria were found to “‘re- 
swell.” When the mitochondria were aged for 3 to 4 hours in 
the stock sucrose suspension, ATP + Mg*+ produced no con- 
traction, but addition of serum albumin with these agents evoked 
maximal shrinking. 

As in the case of other types of swelling, UTP or serum albumin 
added alone produce no effects. The effect of ADP on hypo- 
tonically swollen mitochondria is discussed below. Addition of 
KCl with the ATP to increase the tonicity increased the extent 
of contraction temporarily, but ‘‘reswelling”’ occurred. 

Mitochondria placed in a large volume of pure distilled water, 
without added solutes, can still be induced to shrink by addition 
of ATP + Mg** + serum albumin. 

Spontaneous Swelling—In Fig. 5 it is seen that ATP + Mn++ + 
serum albumin causes reversal of spontaneous swelling taking 
place at 37° (3); ATP + Mg** produces only a limited, tem- 
porary shrinking. ATP alone, as shown before (10), is not 
capable of causing reversal of spontaneous swelling. UTP and 
ADP caused no significant reversal of spontaneous swelling in 
the presence of Mgt. 

Swelling Induced by p-Chloromercuribenzoate—ATP alone does 
not cause significant reversal of swelling induced by this agent. 
This result is in contrast to the finding of Dickens and Salmony 
(8) in sucrose medium. Although Mg++ or Mn++ added to- 
gether with ATP caused significant reversal, maximal effects 
were seen with ATP + Mn++ + serum albumin + EDTA, as is 
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Fig. 3. Requirements for reversal of calcium-induced swelling. 
Test system contained 5.0 ml. of 0.125 m KCI-0.02 m Tris, pH 7.4, 
with 0.001 m CaCl: as swelling agent, and 50 mg. of mitochondrial 
equivalent. At time shown additions of 0.005 m ATP or ADP, 
0.003 mM MgCl., 0.001 mM EDTA, and 2.0 mg. per ml. of bovine serum 
albumin (SA) were made. Temperature, 20°. 
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shown in Fig. 6. None of these agents tested alone was able to 
reverse swelling of this type. 

Swelling Induced by Phlorizin—Experiments illustrated in Fig. 
7 show that the swelling produced by 0.001 m phlorizin (9) was 
readily reversed by ATP + Mgt+ + serum albumin. ATP + 
Mg*+ was less effective, and ATP or ADP or UTP + Mg**+ + 
serum albumin did not cause significant reversal. 

Reversal of Swelling Induced by U factor—Mitochondria and 
mitochondrial fractions are capable of forming, through an en- 
zymic process, an endogenous uncoupling and mitochondrial 
swelling agent, designated as U factor (7), the action of which is 
prevented by the presence of bovine serum albumin. Although 
its identity is not known, it behaves in many respects like a fatty 
acid (7). The mitochondrial swelling produced by U factor can 
be reversed by the addition of ATP + Mgt**, but only if bovine 
serum albumin is also present, as is shown by the experiments in 
Fig. 8. In a series of attempts no success was observed with 
ATP + Megt* in the absence of serum albumin. 
cance of this finding is discussed below. 

Sodium oleate can reproduce many of the effects of U factor 
(7). The mitochondrial swelling produced by oleate was also 
reversed by ATP + Mg*t+ + serum albumin, as is shown by 
Fig. 9. 

Swelling Induced by Glutathione—FEarlier experiments showed 
that reduced glutathione produces swelling of mitochondria 
characterized by a relatively long lag period followed by pre- 
cipitous swelling to a very large volume. Large amounts of 
internal protein and nucleotides are lost (6). These character- 
istics suggest a rather different type of swelling than that pro- 
duced by thyroxine. In fact, thyroxine inhibits the swelling 
produced by glutathione (6). A significant difference between 
glutathione-induced swelling and other types is also shown by 
the failure of ATP + Mg*+ + serum albumin to yield more than 
slight reversal of glutathione-induced swelling. Many attempts 
were made to find the right conditions and cofactors to reverse 
glutathione-induced swelling, with essentially no success. 

Reversal of Other Types of Swelling—Swelling produced by 


The signifi- 


O.5r 


HYPOTONIC 
SWELLING 


04 


=—saSSS>= 


JI — — — 


D520 


03 


0.2 











F on 
ADDITIONS? Tp. mg 
30 60 90 

MIN. 


Fic. 4. Requirements for reversal of hypotonically-swollen 
mitochondria. Test system contained 5.0 ml. of 0.02 m Tris buf- 
fer, pH 7.4 (no added KCl), to which was added 50 mg. of mito- 
chondrial equivalent.’ Additions were made as follows: 0.004 m 
ATP, 0.005 m ADP, 0.005 m UTP, 0.003 m MgCl. or MnCle, and 
20 mg. per ml. of serum albumin (SA). Temperature, 20°. 
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Fic. 5. Requirements for reversal of spontaneous swelling. 
Test system consisted of 5.0 ml. of 0.125 m KC1-0.02 m Tris, pH 
7.4, containing 50 mg. of mitochondrial equivalent. Additions 
made were 0.005 mM ATP or ADP, 0.003 m MgCl. or MnCle, and 2.0 
mg. per ml. of serum albumin (SA). Temperature, 37°. 
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Fic. 6. Requirements for reversal of swelling induced by p- 
chloromercuribenzoate. Test medium was 5.0 ml. of 0.125 m 
KCl1-0.02 m Tris, pH 7.4, containing 0.001 m p-chloromercuriben- 
zoate (CMB). Additions were 0.005 m ATP, 0.003 m MnCl. or 
MgCl, 2.0 mg. per ml. of serum albumin (SA), and 0.001 mM EDTA. 
Temperature, 20°. 
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Fic. 7. Reversal of swelling induced by phlorizin. Test me- 
dium was 5.0 ml. of 0.125 m KCl-0.02 m Tris buffer, pH 7.4, con- 
taining 0.001 m phlorizin. Additions were 0.005 m ATP, UTP, or 
ADP, 0.003 mM MgCl., and 2.0 mg. per ml. of serum albumin (SA). 
Temperature, 22°. 
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Fig. 8. Reversal of swelling induced by U factor. Test medium 
of 5.0 ml. of 0.125 m KCI-0.02 m Tris, pH 7.4, was added to tubes 
in which an isooctane solution of U factor (0.5 unit) had been 
evaporated previously (7). At time shown, additions of 0.005 m 
ATP, 0.003 m MgClo, and 2.0 mg. per ml. of serum albumin (SA) 
were made. Temperature, 20°. 
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Fia. 9. Reversal of oleate-induced swelling. Details as in Fig 
8. Swelling was induced by 3 X 10-*M sodium oleate. Tempera- 
ture, 20°. 
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Fig. 10. Comparison of ATP and ADP in reversing action of 
swelling agents. Swelling was induced by 5 X 10-* m thyroxine 
(T4), 0.001 m phosphate (P;), and 0.5 units of U factor in medium 
of 0.125 m KCI-0.02 m Tris, pH 7.4. Hypotonic swelling was in- 
duced in a medium of 0.02 m Tris, pH 7.4. Reversal of swelling 
was compared with 0.005 m ATP or 0.005 m ADP alone when thy- 
roxine was swelling agent, and with either 0.005 m ATP or ADP 
+ 0.003 m MgCl. and 2 mg. per ml. of serum albumin in the other 
types of swelling. 
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carbon tetrachloride saturated media (11) or by 0.5 per cent 
digitonin was found not to be reversible with any reagent or 
combination of reagents tested. On the other hand, mitochon- 
drial swelling produced by 5 x 10-5 mM ZnCl, was readily reversed 
by 0.005 m. ATP + 0.003 m MgCl. + 2 mg. per ml. of serum 
albumin. 

Effect of ADP in Reversing Mitochondrial Swelling—It was 
shown earlier that ADP does not contract liver mitochondria 
swollen by thyroxine, under conditions in which ATP is effective 
(3, 10). Also, data in Figs. 1, 2, and 3 show that ADP cannot 
substitute for ATP in reversal of swelling induced by phosphate, 
arsenate, and Ca++. However, further comparison of ATP and 
ADP revealed that although swelling induced by thyroxine, phos- 
phate, arsenate, and Ca++ was not reversed by ADP, swelling 
produced by hypotonic conditions or by the action of U factor 
or oleate was readily reversible with ADP. The comparative 
data summarized in Fig. 10 show the striking differences de- 
pending on the nature of the swelling agents, when the four 
swelling agencies were tested. These differences could be 
demonstrated quite reproducibly in a series of mitochondrial 
preparations tested under identical conditions. 
of these findings is discussed below. 

Inhibition of ATP-induced Mitochondrial Contraction—Studies 
on the reversal of thyroxine-induced swelling by ATP showed 
that it was not inhibited by cyanide, antimycin A, or dinitro- 
phenol, indicating that neither respiration nor coupled phos- 
phorylation is required for contraction (10). However, reversal 
by ATP was completely inhibited by azide, arsenate, Dicumarol, 
gramicidin, and sucrose (10). The effects of these inhibitors on 
the ATP-induced contraction of mitochondria swollen by agents 
other than thyroxine were examined. Figs. 11 and 12 embody 
the results of typical tests on the reversal of Cat++-induced and 
phosphate-induced swelling. In both cases it is seen that the 
contraction produced by ATP + Mg** is unaffected by cyanide 
or by 2,4-dinitrophenol. However, in both cases 0.002 m azide 
and 0.3 mM sucrose caused essentially complete inhibition of the 
contraction, when added with the contracting agents. These 
findings are typical; similar results were also observed with these 
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Fig. 11. Inhibition of reversal of Ca**-induced swelling. The 
test system contained 5.0 ml. of 0.125 m KCl-0.02 m Tris, pH 7.4; 
0.001 m CaCl2; and 50 mg. of mitochondrial equivalent. At time 
shown reversal was induced with 0.005 m ATP + 0.001 m MgCl: 
+ 2.0 mg. per ml. of serum albumin (SA). The effect of the addi- 
tion of inhibitors simultaneous with the ATP + Mgt+ + serum 
albumin was examined: 0.001 m NaCN, 0.0001 m DNP, 0.002 ™ 
azide, and 0.3 M sucrose. Temperature, 20°. 
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inhibitors in the reversal of hypotonic and spontaneous swelling. 
These findings therefore strongly suggest that a single funda- 
mental mechanism is involved in the reversal of swelling by ATP 
regardless of the means by which swelling was produced. 


DISCUSSION 


The results reported here show that swelling of mitochondria 
induced by thyroxine, Ca++, phosphate, arsenate, hypotonicity, 
p-chloromercuribenzoate, U factor, oleate, phlorizin, and Zn*+, 
and that occurring spontaneously, may be reversed by ATP either 
alone or in combination with either Mg++, Mn*+, serum albumin, 
and EDTA, indicating that swelling produced by these agents 
has a common denominator. On the other hand, only limited 
success was observed in reversing swelling induced by gluta- 
thione, and none in reversing swelling induced by carbon tetra- 
chloride or digitonin, suggesting that these agents have different 
modes of action in causing swelling or, more likely, that different 
morphological changes occur as a result of their action. 

The evidence for a common mechanism for reversal of the 
swelling produced by the action of the large variety of swelling 
agents may be summarized: 

1. ATP is a specific and necessary component for reversal of 
swelling. The 5’-triphosphates of other nucleosides do not 
replace ATP in reversing the action of any of the swelling agents 
tested. 

2. Mgt+ or Mn** is also a requirement in every case except 
the reversal of thyroxine-induced swelling, which can be re- 
versed by ATP alone. This exception is considered below. In 
a number of experiments Mn++ is definitely more effective than 
Mg++, in agreement with the findings of Lindberg and Ernster 
(12) and the observations of Bartley and Amoore (13) on the 
stabilization of mitochondria by Mn**. 

3. Serum albumin, although ineffective itself in reversing 
swelling, nearly always accelerates the rate or extent of the 
contraction produced by ATP. 

4. Inhibition of respiration by cyanide does not affect the 
ATP-induced reversal in any case tested. 

5. Reversal of swelling is not inhibited by 2 ,4-dinitrophenol. 

6. ATP-induced reversal of swelling is inhibited in each case 
by azide, which is known to inhibit an intermediate reaction in 
the coupling of phosphorylation to respiration (14-16). 

7. ATP-induced reversal of mitochondrial swelling is severely 
or completely inhibited in media containing 0.3 m sucrose, which 
is also known to inhibit mitochondrial swelling (3, 10), uncouple 
oxidative phosphorylation (17), inhibit ATPase and ATP-in- 
organic phosphate® exchange activities (18, 19). 

Special Case of Thyroxine—Although thyroxine-induced swel- 
ling appears to be reversed by the same basic mechanism as 
swelling induced by the other agents, it differs in one important 
respect: it can be reversed by addition of ATP alone, whereas 
swelling induced by other agents requires either Mn++ or Mg++ 
in addition to ATP. ‘This finding seems significant because of 
earlier suggestions that thyroxine may cause mitochondrial 
welling by reacting with or displacing some critically placed 
divalent metal ion in the mitochondria (1, 2); thyroxine is capable 
of forming complexes with metal ions (20; see also 21). Both 
Mn** and Mg** prevent the swelling action of thyroxine (1). 
In the reversal of thyroxine-induced swelling, as 
presence of thyroxine itself makes unnecessary the addition of 
Mg**+ or Mn++. It thus seems conceivable that thyroxine can 
form complexes with a metal ion present in the mitochondria 
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Fig. 12. Inhibition of reversal of phosphate-induced swelling. 
Test system contained 5.0 ml. of 0.125 m KCI-0.02 m Tris, pH 7.4; 
0.01 m phosphate, pH 7.4; and 50 mg. of mitochondrial equivalent. 
At time shown reversal was induced by 0.005 m ATP + 0.001 m 
MgCl». Effect of addition of 0.001 m NaCN, 1 X 10-*m DNP, 
0.002 m sodium azide, and 0.3 m sucrose, along with ATP and 
Mg** was tested. Temperature, 20°. 
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which inhibits contraction, such as Cat+, and that Mg++ or 
Mn** can also neutralize the action of bound Cat* by displacing 
it from critical sites in the mitochondria through mass action 
effects. 

Effect of Serum Albumin—It is striking that serum albumin is 
such a potent adjuvant to the contracting action of ATP + 
Mg** in all cases tested, and especially in the reversal of hypo- 
tonic swelling and swelling caused by U factor. Its effect ap- 
pears not to be simply a matter of increasing the “colloid” 
osmotic pressure of the external medium, since equimolar addi- 
tions of egg albumin or polyvinylpyrrolidone have been found to 
be inactive in such tests. Furthermore, additions of serum 
albumin alone, in the absence of ATP + Mgt*, do not cause 
reversal at these levels (2.0 mg. per ml.). Serum albumin at 
levels of 50 to 70 mg. per ml., however, do cause “passive” 
reversal of swelling (3), but this seems to be a rather different 
effect. 

It seems significant that serum albumin is known to cause 
reactivation of oxidative phosphorylation in aged mitochondria 
(22), in aged mitochondrial fragments (7), and in fly muscle 
mitochondria prepared under certain conditions (23), pre- 
sumably by binding an endogenous uncoupling agent (7, 22, 
24-26) generated enzymically in mitochondria or mitochondrial 
extracts (7). This agent has not been identified but its action 
can be simulated by fatty acids such as oleate (7). It is con- 
ceivable that enzymic formation of such an agent in mitochondria 
is also a primary or concurrent event in mitochondrial swelling 
and that the sequestration of this agent by binding to serum 
albumin may be requisite for reversal of mitochondrial swelling. 

Contracting Action of ADP—It seems significant that ADP 
can cause contraction of swelling produced by either a hypotonic 
medium or by U factor (or oleate), whereas swelling produced 
by other agents is not reversed by ADP under the same experi- 
mental conditions. That ADP should cause mitochondrial 
contraction is not unexpected, in view of the fact that mito- 
chondria are rich in adenylate kinase (27, 28) which should make 
ATP available from ADP by phosphate transfer. However, it 
is of interest that in most types of swelling ADP is not active, 
suggesting that the adenylate kinase of the mitochondria is either 
not accessible or inactive. On the other hand, the activity of 
ADP in either hypotonic or U factor-induced swelling suggests 
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that adenylate kinase may be available to added ADP in these 
circumstances, with formation of ATP. It is of some pertinence 
that the adenylate kinase of mitochondria is “compartmented” 
(28); this fact suggests that the different swelling agents affect 
the availability or activity of adenylate kinase compartments in 
different and characteristic ways. Hypotonic conditions pre- 
sumably give the highest degree of mitochondrial swelling and 
presumably maximal exposure of internal sites to external solutes; 
it is of interest that ADP is almost as effective as ATP in re- 
versing hypotonic swelling. 

Relationship of ATP-induced to Respiration-induced Contrac- 
tion of Mitochondria—Work of Price et al. (29) and Beyer et al. 
(30) has shown that mitochondria swollen either by phosphate 
or by depletion of intramitochondrial ATP may undergo shrink- 
ing and water extrusion when phosphorylation and respiration 
are reinstated. More recently, Chance and Packer (31) and 
Packer (32) have demonstrated a rapid, relatively low amplitude 
contraction of mitochondria when respiration is restored by 
addition of ADP to mitochondria amply supplied with substrate 
and O». The rate of contraction is comparable to the rate of 
restoration of the aerobic steady state of the carriers. 

The work described in this paper shows that contraction of 
mitochondria can be observed in the presence of ATP inde- 
pendent of respiration of coupled phosphorylation. However, 
it is possible that the respiration-induced and ATP-induced 
contraction are fundamentally similar in that some intermediate 
enzyme of the coupling mechanism is a “mechanoenzyme” and 
may be activated or phosphorylated either by coupled respira- 
tion on one hand or by action of ATP as shown here (cf. 10). 
As pointed out before (10), it may be necessary to consider the 
alternative possibility that the coupling mechanism is only a 
means of generating ATP and that the contractile process in- 
volves a separate and independent enzyme system, driven by the 
ATP formed in respiration. 

It is remarkable that mitochondrial swelling can be produced 
by such a wide diversity of relatively specific chemical agents 
and that the swelling produced by nearly all of these agents can 
be reversed by what appears to be a single, basic mechanism. 
This suggests the possibility that swelling and contraction may 


Reversal of Mitochondrial Swelling by ATP 


Vol. 234, No. 9 


not necessarily be reflections of the action of a reversible “me- 
chanoenzyme”’ process but rather that they are enzymically or 
morphologically distinct. The occurrence in mitochondria of 
two membranes and two morphological compartments of dif- 
fering permeability and osmotic relationships allows the pos- 
sibility of morphological separation of the swelling and the 
contractile processes. 


SUMMARY 


Mitochondrial swelling initiated by the agents L-thyroxine, 
Ca**, inorganic phosphate, arsenate, hypotonic conditions, 
p-chloromercuribenzoate, phlorizin, U factor, and that oe- 
curring spontaneously may in each case be reversed by the 
addition of adenosine triphosphate (ATP). Although thyroxine- 
induced swelling can be reversed by addition of ATP alone, 
reversal of the action of the other swelling agents listed requires 
the presence of Mg++ or Mn** in addition to ATP. In most 
cases serum albumin accelerates the rate and extent of mito- 
chondrial contraction, possibly by binding an endogenously 
formed swelling agent. Adenosine diphosphate (ADP) can 
reverse the swelling produced by hypotonic conditions or by U 
factor or oleate, but not that produced by the other swelling 
agents; compartmentation or availability of adenylate kinase in 
mitochondria may be involved in this differential effect of ATP 
and ADP. 

The reversal of various types of mitochondrial swelling by 
ATP + Mg?** is not inhibited by cyanide or 2,4-dinitrophenol 
and is thus independent of phosphorylating respiration. How- 
ever, it is inhibited by azide and sucrose. The findings thus 
suggest that mitochondrial swelling caused by a wide variety 
of relatively specific agents is reversible through a common 
ATP-driven enzyme mechanism. On the other hand, mito- 
chondrial swelling induced by glutathione, carbon tetrachloride, 
and digitonin appear not to be readily reversible by ATP + 
Mg*t* + serum albumin. 
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The diverse pathways by which reduced triphosphopyridine 
nucleotide can be oxidized include the passage of electrons to 
oxygen via: (a) triphosphopyridine nucleotide-cytochrome c re- 
ductase which is capable of passing electrons from TPNH di- 
rectly to the cytochrome system and (b) transhydrogenases, 
mitochondrial (1) or those associated with the soluble or micro- 
somal fraction (2), in which TPNH interacts with DPN, re- 
generating TPN and forming DPNH capable of being oxidized 
by the cytochrome system with efficient phosphorylation. In 
addition, Navazio et al. (3) have considered that TPN H-linked 
oxidations may be regulated by dehydrogenases that are known 
to act with DPN and TPN. These authors attempted to ac- 
count for TPNH oxidation in rat liver by the activity of lactic 
acid dehydrogenase, which they presume to transfer hydrogen 
from TPNH to DPN with the mediation of its substrate, after 
which the formed DPNH can undergo oxidation by way of the 
cytochrome system. However, the relative importance of these 
pathways for TPNH oxidation has not been established. 

In a previous study, we suggested that intermediary metabo- 
lites, as pyruvate, serve as the principal electron acceptors for the 
oxidation of TPNH produced by the phosphogluconate oxidation 
pathway in ascites tumor cells (4). The present study was un- 
dertaken to investigate further in intact ascites tumor cells en- 
dogenous metabolites which accept electrons from this coenzyme, 
and to determine whether oxygen serves as an electron acceptor, 
mediated by the mitochondrial cytochrome system. 

The oxidation of endogenous TPNH produced by the phospho- 
gluconate oxidative pathway was evaluated by the measurement 
of phosphogluconate decarboxylation, the rate of which has been 
demonstrated to be limited by the oxidation of TPNH (4). Ex- 
perimentally, the method employed involves the oxidation of 
carbon 1-labeled and carbon 6-labeled glucose by aliquots of 
ascites tumor cell suspensions in vitro, followed by isolation and 
C" assay of the respiratory CO. The difference in rate of oxi- 
dation of C-1 and C-6 has been demonstrated to be equivalent to 
decarboxylation via the phosphogluconate oxidation pathway for 
ascites tumor cells (4) but is not considered to necessarily repre- 
sent the optimal rate of decarboxylation via the pentose phos- 
phate pathway. 

In several experiments the oxidation of glucose carbons other 
than | and 6 was studied for the purpose of comparing the oxida- 
tion by a TPN-dependent process with other oxidative processes. 

In order to determine whether TPNH is oxidized by the mito- 
chondrial cytochrome system, the effects of inhibitors of the re- 
spiratory chain on differential C'-glucose oxidation were studied. 
As a further check, the rate of C-glucose oxidation was examined 
in the presence of agents which stimulate the mitochondrial re- 


spiratory system, as dinitrophenol and Dicumarol. Chlorproma- 
zine was found to act in a manner similar to these uncoupling 
agents and its effects are included in the present report. 

Since the evidence obtained from these studies with respiratory 
inhibitors and stimulators suggested that TPNH is not oxidized 
via the mitochondrial cytochrome system by oxygen, attempts 
were made to assay the potential of respiratory pigments for 
TPNH oxidation. To establish the factors limiting the oxida- 
tion of TPNH by oxygen, p-phenylenediamine and menadione 
were used to mediate the oxidation of TPNH by the cytochrome 
system. 

The basis of the use of p-phenylenediamine for this purpose 
arises from two observations: (a) we have observed that it 
causes an increase in “C-1 minus C-6” oxidation of ascites tumor 
cells; (b) cytochrome c has been shown by Ball and Cooper (5) 
to act as an electron acceptor for the oxidation of p-phenylenedi- 
amine. This function of p-phenylenediamine as an agent which 
links phosphogluconate decarboxylation with the terminal re- 
spiratory system was examined by determining the sensitivity of 
the observed p-phenylenediamine-stimulated phosphogluconate 
decarboxylation to respiratory inhibitors and uncoupling agents. 

Menadione is of interest since it was found to markedly in- 
crease the pentose phosphate cycle in ascites tumor cells (4). 
Furthermore, in contrast to the oxidation of p-phenylenediamine, 
Colpa-Boonstra and Slater (6) have shown that the oxidation of 
reduced menadione is antimycin-sensitive and presumably can- 
not bypass the flavin prosthetic group of cytochrome reductase 
Conceivably, menadione would also 
be very useful in defining the point in the respiratory chain 
which limits the oxidation of TPNH by oxygen. 

In view of the vitamin K-like properties of menadione, further 
study of potential pathways of TPNH oxidation were directed 
toward the nature of the oxidation of TPNH mediated by vita- 
min K,. 


” 


as can other “quinones. 


EXPERIMENTAL 

In general, the preparation of ascites cell suspensions and the 
incubation with labeled substrates were conducted as described 
previously (4) except that trichloroacetic acid was added to the 
contents of the Warburg flasks at the end of the incubation 
period. The radioactivity measurements and methods of caleu- 
lation have also been reported (4). 

The pyruvate content of the neutralized trichloroacetate fil- 
trates was determined enzymatically with lactic acid dehydro- 
genase by measurement of the change in absorption at 340 mu 
at pH 6.51 


' Unpublished method of L. H. Cohen. 
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TABLE I 


Effect of respiratory inhibitors on TPN -dependent decarborylation via phosphogluconate oxidative pathway 


Ehrlich Lettré ascites tumor cells were incubated in 3.0 ml. of Ca** 
the gas phase for the designated time after 10 minutes’ temperature 


from the side arm after the equilibration period. 
Amytal (0.0009 m). 
to avoid loss of cyanide from the incubation medium. 


free Krebs-Ringer phosphate buffer (0.1 m, pH 7.4) with air as 
lilibration at 37.8°. Substrates and inhibitors were tipped in 


The final concentrations were as follows: glucose (0.01 m), KCN or NaN; (0.005 m), 
In the experiment with KCN, alkali was not introduced to the center well until the end of the incubation period 





| Time of 


Experiment No. | boruiintion Tissue dry weight Additions | 
min meg | 
1 30 26 None 
KCN 
2 | 30 21 None 
NaN; 
3 60 13.5 None 


Amytal 


Chlorpromazine was a generous gift from the Smith, Kline, 
and French Laboratories. Uniformly labeled glucose-C“ and 
glucose-2-C™ were obtained from H. 8. Isbell of the National 
Bureau of Standards, and glucose-6-C™ and glucose-1-C™ were 
purchased from the Volk Radiochemical Company. Lactic acid 
dehydrogenase and pyridine nucleotides were obtained from the 
Mephyton (an aqueous emulsion of 
vitamin K,) and menadione (2-methyl-1 ,4-naphthoquinone) were 
products of Merck, Sharp and Dohme and Fisher Scientific 
Company, respectively. Coenzyme Q was obtained from Dr. 
Karl Folkers of the Merck Laboratories. Dicumarol was puri- 
fied from Squibb pharmaceutical tablets by the procedure out- 
lined in the assay of bis-hydroxy coumarin in the Pharmacopeia 
of the United States of America (15th Revision). 


Sigma Chemical Company. 


RESULTS 


Effect of Respiratory Inhibitors and Uncoupling Agents 
on TPNH Oxidation 


As seen in Table I, the most efficient blocking agent of the 
mitochondrial respiratory chain was Amytal, which completely 
inhibited oxidation of glucose carbon except for decarboxylation 
via the phosphogluconate oxidation pathway. The rate of de- 
carboxylation and presumably TPNH oxidation was unchanged 
by this potent inhibitor. Thus, it would appear that TPNH 
oxidation can proceed by a mechanism which does not involve 
the mitochondrial cytochrome system. 

Cyanide and azide exhibited a pattern similar to that observed 
with Amytal. These compounds inhibited oxidation of glucose 
carbon other than C-1 by at least 90 per cent, but only decreased 
phosphogluconate decarboxylative activity by 30 per cent. 

The rate of C-glucose oxidation was next examined in the pres- 
ence of Dicumarol. In the experiments described in Table II, 
Dicumarol at two concentrations produced a marked stimulation 
of C'-glucose oxidation which is compatible with an enhanced 
citric acid cycle activity. However, Dicumarol greatly de- 
creased C-1 oxidation via the pentose pathway, in accord with a 
mechanism for TPNH oxidation which does not involve the cyto- 
chrome system. 

The possibility arises that Dicumarol decreases phosphoglu- 
conate decarboxylative activity by competitive inhibition of an 
enzyme containing a vitamin K-like substance serving as an 





Glucose carbon to COs 


Oxygen a c i? 
consumed ns ee eo ee ee 7 : 
Total C-1 C-2 | C+ | C-l— C6 
pmoles patoms patoms “gain patoms patoms 
4.1 1.50 0.47 0.17 0.08 | 0.39 
0 0.39 0.27 0.03 Nil 0.27 
4.0 1.38 0.35 0.22 0.11 | 0.24 
ee 0.57 0.19 0.06 0.04 |} 0.15 
3.6 1.50 0.46 0.21 | 0.25 
0 0.28 0.24 0.02 0.22 
TaABLe II 


Effect of Dicumarol on C'4-glucose oxidation 

Experimental conditions are the same as described in Table I. 
In this experiment, 200 mg. of ascites cells (20 mg. dry weight) 
were incubated for 30 minutes after a 10-minute temperature 
equilibration period at which time substrate and Dicumarol were 
tipped in from the side arm. 

Oxidation of glucose carbons (3 + 4 + 5) was obtained by sub- 
tracting the sum of carbons 1, 2, and 6 oxidized from the total 
glucose carbon oxidized. 


Oxy- Glucose carbon to CO: 


. > te 
Dicumarol gen Pyruvate 


concentration) con- ‘ rf accumu 
sumed, Total | C-1 C-2 : . 7 C-6H | we lated 

M pmoles| patoms | patoms | watoms | paloms | patoms | watoms | moles 

0 2.3 | 0.76 | 0.29 | 0.04 | 0.41 | 0.02 | 0.27 0.64 

2X 10°° | 7.1 | 3.46 | 0.57 | 0.61 | 1.78 | 0.50 | 0.07 0.16 
5 0.56 | 2.08 | 0.26 | 0.06 0.01 


2X 10-* | 5.0 | 3.22 | 0.32 
electron carrier in TPNH oxidation (7). An inhibitory effect of 
this type would invalidate the examination of the participation 
of mitochondrial cytochromes in TPNH oxidation by the use of 
Dicumarol as an agent to uncouple oxidation and phosphoryla- 
tion. Therefore, an experiment with dinitrophenol was carried 
out to determine whether the effect of Dicumarol was atypical in 
its inhibition of oxidation via the phosphogluconate pathway. 

As described in Table III, the effect of dinitrophenol was simi- 
lar to that observed with Dicumarol. At a concentration of 
1 X 10-5 M, both uncoupling agents are inhibitory to “C-1 minus 
C-6” oxidation and stimulatory to the oxidation of remaining 
glucose carbon and endogenous metabolites.2. Thus, the effect 
of Dicumarol is not unique in this system. Although these ex- 
periments do not exclude the possibility that both these sub- 
stances might inhibit TPNH oxidation per se, subsequent work 
to be described provides a more feasible explanation. 

As seen in Table III, chlorpromazine at low concentrations 


2 In view of the similar effects produced by dinitrophenol and 
Dicumarol, it is presumed that the Dicumarol-sensitive enzyme is 
a component of the phosphate-transferring enzyme responsible for 
ATP formation at the phosphorylating sites in the respiratory 
chain, as suggested by Chance and Williams (8) and by Nielsen 
and Lehninger (9). 
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TaB_eE III 
Comparative effects of Dicumarol, dinitrophenol, and chlorpromazine on respiration and C'4-glucose oxidation 


In Experiment 1, Ehrlich Lettré ascites cells, equivalent to 15 mg. dry weight, were incubated for a period of 50 minutes. 
ment 2, ascites tumor cells equivalent to 30 mg. dry weight were incubated for 60 minutes. 


concentration of 0.01 m. 


In Experi- 
In both experiments glucose was in a final 


























Glucose carbon to CO: (yatoms) | ; 
Additions sy eu a. 
Total C-1 C-2 co =| C1-C4 | (umoles) 
| 
Experiment 1 
OO es PORTE LEE 3.7 1.16 0.52 0.25 0.12 0.40 0.55 
Dicumarol (1 K 10-§o).......... oe 4.42 0.89 0.72 0.63 0.26 0.25 
Dinitrophenol (1 X 10-5 m)....... 7.0 3.18 0.85 0.74 0.71 0.14 0.28 
Experiment 2 
EE ge bind Ae Pee 8.9 3.85 0.82 0.49 0.33 
Chlorpromazine (2 X 10-*M)..... 11.0 5.60 1.08 0.94 0.14 
Chlorpromazine (1 X 107° M)..... 0.6 0.22 0.08 0.01 0.07 

















also stimulates respiration and glucose oxidation, and inhibits 
decarboxylation via the phosphogluconate oxidation pathway. 
At higher concentrations, chlorpromazine exhibits the inhibitory 
pattern which is characteristic of dinitrophenol and Dicumarol. 


Pyruvate as an Electron Acceptor in vitro for TPNH Oxidation 


The inhibition of the oxidative decarboxylation by dinitro- 
phenol and Dicumarol is not surprising if one assumes that these 
uncoupling agents stimulate the oxidation of intermediary metab- 
olites which serve as electron acceptors for TPNH oxidation. 
Pyruvate appeared to be a likely choice as the endogenous elec- 
tron acceptor, and the level of this fermentation intermediate 
was measured enzymatically in the experiments described in 
Tables II and III. As anticipated, the amount of pyruvate 
formed was significantly decreased by both uncouplers. 

The importance of pyruvate as an electron acceptor in TPNH 
oxidation was further investigated by the use of iodoacetate which 
inhibits triose phosphate dehydrogenase and, as a consequence, 
pyruvate formation. An experiment described in Table IV was 


TABLE IV 


Effect of iodoacetate on C'4-glucose oxidation 
by ascites tumor cells 


In this experiment sodium iodoacetate was present in the center 
compartment during the 10-minute temperature equilibration 
period before glucose was tipped in from the side arm. The War- 
burg flasks contained Ehrlich Lettré ascites tumor cells equivalent 
to 29 mg. dry tissue weight and were incubated for 60 minutes at 
37.8°. 

The final concentration of glucose was 0.01 M. 





| Glucose carbon to CO: 


| 
Todoacetate | Oxygen 
concentration uptake | oS SS eee 
Total C-1 c6 | C1-C4 
cer ae a | wmoles | watoms | matoms | atoms | watoms : 
0 | 14 | 5.10 | 0.89 | 0.49 | 0.40 
7.0 X 10-5 } 11.5 | 4.10 0.91 | 0.54 0.37 
ne 2m | 10.0 2.59 0.45 | 0.41 0.04 
3.5 X 10-4 | 9.3 | 1.63 Sa | OS} 0.04 
7.0 X 10-4 | 1.33 +0.06 


| 8.5 0.18 0.24 | 
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Fic. 1. Correlation of decarboxylation via the phosphogluco- 
nate oxidative pathway with pyruvate level. Ehrlich Lettré ascites 
tumor cells equivalent to 23 mg. of tissue (dry weight) were in- 
cubated with iodoacetate at the designated concentration with 
glucose-1-C'4 and with glucose-6-C™ in a final concentration of 
0.01 m. After 30 minutes of incubation at 37.8°, the reaction was 
stopped by the addition of trichloroacetic acid. Decarboxylation 
via the phosphogluconate oxidative pathway was determined from 
the difference in oxidation of carbon 1 and carbon 6 of glucose. 
Flasks with glucose-1-C" or -6-C"4 at each concentration of iodo- 
acetate were analyzed for pyruvate, and the average value is 
represented in the graph. These duplicate vessels gave values 
which checked within 3 per cent. 


carried out in which the effect of iodoacetate concentration on 
C-glucose oxidation was studied. 

Iodoacetate at a low concentration, 2 x 10-4 mM, completely 
inhibited decarboxylation via the phosphogluconate oxidative 
pathway and only partially inhibited the oxidation of carbons 
other than C-1. 

As seen in another experiment reported in Fig. 1, the decrease 
in decarboxylation via the oxidative pathway was found to be 
correlated with the decrease in the pyruvate level produced by 
increasing concentrations of iodoacetate. These experimental 
results support the idea that pyruvate serves an important role 
in the regulation of TPNH oxidation and the pentose phosphate 
pathway. 

The possibility arises that the inhibition of the decarboxylative 
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reaction can be attributed to the effect of iodoacetate on sulf- 
hydryl groups of the dehydrogenases of the pentose pathway. 
This is unlikely since iodoacetate at this concentration is inef- 
fective with dehydrogenases other than triose phosphate dehy- 
drogenase (10). In order to check this point, an experiment 
described in Table V was carried out. The observed inhibition 
of C-1 oxidation by iodoacetate is released by the addition of 
pyruvate, which indicates that the sulfhydryl groups of glucose- 
6-P and 6-P-gluconic dehydrogenases are not inhibited by this 
concentration of iodoacetate. Instead, this finding provides fur- 
ther support for the idea that pyruvate is a principal electron 
acceptor for TPNH oxidation.* 


Localization of “Block” in TPNH Oxidation by Oxygen 


As seen in experiments reported in Table VI, p-phenylenedi- 
amine increased decarboxylation by the phosphogluconate oxi- 
dative pathway but did not stimulate the oxidation of any other 
glucose carbon. In contrast to the relative lack of sensitivity 
of “C-1 minus C-6” oxidation to cyanide observed in the absence 
of p-phenylenediamine, the stimulated phosphogluconate de- 
carboxylation was inhibited by the addition of cyanide. These 
data indicate that p-phenylenediamine mediates the oxidation 
of TPNH by the cytochrome system. This function is also sug- 
gested by the failure to observe a stimulation of decarboxylation 
with p-phenylenediamine under anaerobic conditions. 

This role of p-phenylenediamine was next examined by the use 
of Dicumarol. As observed in Experiment 1, the p-phenylenedi- 
amine-enhanced “C-1 minus C-6” oxidation was further stimu- 
lated by Dicumarol, indicative that stimulation of the cyto- 
chrome system also promoted TPNH oxidation under these 
conditions. 

However, in Experiments 2 and 3, ‘‘C-1 minus C-6” oxidation 
was not further stimulated by the addition of Dicumarol at a 
lower concentration (1 X 10-° m) which produced the optimal 
rate of oxidation of glucose. Since the accumulation of pyruvate 
had been observed to be less in the presence of Dicumarol, the 
effect of Dicumarol (1 X 10- m) on p-phenylenediamine-stimu- 
lated decarboxylation was examined in the presence of pyruvate. 
In addition, the effect of pyruvate on Dicumarol-stimulated C™- 
glucose oxidation was studied. As might be anticipated from 
our findings described earlier, pyruvate restored the decarboxyla- 
tion inhibited by Dicumarol. However, the decarboxylation 
observed with p-phenylenediamine alone was greater than the 
decarboxylation obtained by the addition of pyruvate to flasks 
containing Dicumarol and p-phenylenediamine.‘ 

p-Phenylenediamine also stimulated pyruvate formation which 
suggests that it enhances the oxidation of DPNH present in the 
soluble fraction. Furthermore, it is possible that as a conse- 


3 Consideration of explanations for the failure to observe greater 
stimulatory effects of ‘“‘C-1 — C-6’’ oxidation with exogenous 
pyruvate have been made in a previous publication (4). 

4 The failure of Dicumarol (1 X 10-5 M) to further stimulate the 
p-phenylenediamine-enhanced decarboxylation does not neces- 
sarily disprove the idea that p-phenylenediamine mediates TPNH 
oxidation by the cytochrome system. It is conceivable that Di- 
cumarol at this concentration causes an increase in the level of 
oxidized p-phenylenediamine which may be inhibitory to the 
sulfhydryl-containing dehydrogenases of the oxidative pathway. 
However, it is also possible that in the presence of Dicumarol, the 
reduced pyridine nucleotide produced by the oxidation of citric 
acid cycle substrates favorably competes with p-phenylenedia- 
mine for oxidation via the cytochrome system in view of the spatial 
advantage of the mitochondrial dehydrogenases. 


C. E. Wenner 
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TABLE V 
Pyruvate as electron acceptor in vitro for TPNH oxidation 
After 10 minutes of temperature equilibration, glucose (0.01 m 
final concentration) and iodoacetate were tipped in from the side 
arm of the Warburg flask containing Ehrlich Lettré ascites tumor 
cells (26 mg. dry tissue weight) in 3.0 ml. of Ca*+-free Krebs- 
Ringer phosphate buffer. The incubation time was 30 minutes 
before trichloroacetic acid was added. 





Glucose carbon to CO: 


Additions Oxygen - 
consumed \ | 
C-1 C4 C-1 — C-6 
pmoles | patoms ‘gate | poten 
None.... | 4.5 0.37 0.07 0.30 
Iodoacetate (0.002 mM)... | 4.5 | 0.26 | 0.09 0.17 
Pyruvate (0.01 m).... | 4.7 | 0.42 | 0.04 | 0.38 
Iodoacetate (0.002 M) + py- | | 
ruvate (0.01 m). 5.3 | 0.43 0.08 0.35 


quence of the increased pyruvate level, the oxidation of TPNH is 
promoted. It was therefore of interest to see what effect pyru- 
vate has on the p-phenylenediamine-stimulated decarboxylation. 
As described in Experiment 4, the addition of pyruvate does not 
stimulate “C-1 minus C-6” oxidation as effectively as does 
p-phenylenediamine; and the addition of p-phenylenediamine 
stimulates the pyruvate enhanced “C-1 minus C-6” oxidation. 
Thus, it would not appear that p-phenylenediamine influences 
TPNH oxidation solely by increasing the pyruvate concentra- 
tion. 

It is presumed that the cytochrome ¢ of tumor mitochondria 
oxidizes p-phenylenediamine to the quinoid form, which oxidizes 
pyridine nucleotide present in the soluble fraction. Although 
the nature of the stimulatory effect has not been discerned, it 
appears that the terminal oxidation of TPNH is not limited by 
the respiratory chain beyond cytochrome c. 

In order to further establish the limiting factor in the oxidation 
of TPNH by oxygen, the effect of menadione on C"™-glucose oxi- 
dation was studied in the presence of cyanide and quinine, a 
flavoprotein inhibitor. As seen in Table VII and as had been 
observed previously (4), the bulk of the menadione-stimulated 
glucose oxidation was accounted for by pentose cycle activity 
as reflected by the increased rate of oxidation of carbon 1 and 
carbon 2 of glucose. 

The menadione-stimulated decarboxylation via the phospho- 
gluconate oxidative pathway was partially inhibited by cyanide, 
which suggests that part of the menadione-stimulated TPNH 
oxidation involves the cytochrome system. This finding is not 
surprising since it has been shown that reduced menadione can 
be oxidized by mitochondrial preparations and can also be autoxi- 
dized in the presence of oxygen (6, 11). 

Quinine did not inhibit respiration or decarboxylation except 
in the presence of menadione. The failure of quinine to exert an 
inhibitory effect may be related to the permeability properties of 
the ascites cell which are altered in the presence of menadione. 
These experiments indicate that stimulation by menadione in- 
volves a flavoprotein from which it might be inferred that TPNH 
oxidation by oxygen via the mitochondrial system is not limited 
by flavoprotein. 

The effect of vitamin K, on glucose oxidation was next ex- 
amined to determine whether this naturally occurring substance 
‘an interpose the oxidation of TPNH by the mitochondrial cyto- 
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TaBLe VI 


Effect of p-phenylenediamine on C'4-glucose oxidation 


All reagents were tipped in from the side arm after 10 minutes of temperature equilibration. 
ascites tumor cells (26 mg. dry tissue weight) were incubated for 30 minutes. 


The flasks containing Ehrlich Lettré 
The final concentrations were as follows: glucose (1.0 x 


10-? m), p-phenylenediamine (1.0 X 10-* m), Dicumarol (7.0 X 10-4 m, Experiment 1; 2.0 X 10-5 m, Experiments2, 3), potassium cyanide 


(5.0 X 10-3 o). 


for any particular set of conditions. 


The values for oxygen consumption and pyruvate accumulation represent the average of the total number of flasks used 











Additions Experiment Oxygen 
- No. | consumed 
| | 
pmoles 
None 1 | 4.9 
| 
p-Phenylenediamine 1 | 5.9 
| | 
Dicumarol 1 3.0 
p-Phenylenediamine + Dicumarol 1 7.5 
Cyanide | 1 
| 
p-Phenylenediamine + cyanide | 1 | 
a se ata ‘ |~ —|— 
None | 2 4.5 
| 3 4.4 
=a 4.3 
p-Phenylenediamine | 2 | 5.4 
| 3 4.8 
4 5.1 
Dicumarol } 2 | 11.4 
3 11.5 
Dicumarol + p-phenylenediamine | 2 | 12.0 
| 3 | 11.3 
Pyruvate* | 3 4.7 
4 6.0 
} 
Dicumarol + pyruvate* | 3 11.5 
p-Phenylenediamine + pyruvate* 4 7.3 
Dicumarol + p-phenylenediamine + py- 3 12.5 
ruvate* 








Glucose carbon to CO2 











enmnentnnensaeemneensienenesineman syamrete 
° acc ated 
Total C-1 C2 en 4 cs |c1-Cc+ ree 
peronn | pry perrea ghee stiuns net ostaie 
1.50 | 0.47 0.17 0.78 | 0.08 | 0.39 
| | 
1.58 0.83 0.18 | 0.48 0.09 0.74 
1.21 | 6.38 | 0.36 0.65 0.07 0.26 
4.07 | 1.94 | 0.66 | 1.18 | 0.29 | 1.65 
| 
0.39 0.27 0.03 0.09 Nii |} 0.27 | 
0.24 Nil | 0.24 
~~ " a ie Se 
1.30 | 0.41 | 0.06 | 0.35 0.64 
1.31 | 0.33 | 0.15 | 0.78 | 0.05 | 0.28 0.64 
| 0.37 0.08 | 0.29 
1.80 | 0.92 0.06 | 0.86 | 2.2 
1.69 0.14 | 9.2 
1.01 0.09 | 0.92 
| 
6.33 0.86 0.63 | 0.23 | 0.0 
6.57 0.84 0.89 4.24 | 0.60 | 0.24 0.05 
7.01 | 1.29 | 0.66 | 0.63 | 1.1 
| | | 
6.64 | 1.21 0.72 4.07 0.64 | 0.57 1.1 
0.61 0.50 0.04 | 0.46 | 33.0 
0.51 0.06 0.45 
2.74 0.63 0.35 1.55 0.21 0.42 29.8 
0.97 0.06 | 0.91 
2.50 | 0.84 0.29 1.17 0.20 | 0.64 35.7 








* 32 umoles initially present. 
chrome system.’ As described in Table VIII, an aqueous emul- 
sion of vitamin K, increased “C-1 minus C-6” oxidation more 
than 100 per cent but had no effect on C-6 oxidation during the 
30-minute incubation period. The stimulation is attributable 
to vitamin K, since the emulsifying agent, lecithin, used to sus- 
pend vitamin K, had no effect on C-1 or C-6 oxidation. 

Under the conditions of these experiments neither vitamin K, 
(Table VIII) nor menadione (Table VII) increased the pyruvate 
level. It is therefore unlikely that the stimulation of C-1 oxida- 


5 Similar experiments were carried out to see whether coenzyme 
Q mediated the oxidation of TPNH by the cytochrome system 
but no stimulation of decarboxylation via the phosphogluconate 
oxidative pathway was observed by the addition of Quo. 


tion can be explained by an effect of vitamin K, on this electron 
acceptor. 

Instead, oxygen is indicated as the reagent for TPNH oxida- 
tion mediated by vitamin K,. The marked sensitivity of the 
vitamin K,-stimulated C-1 oxidation to cyanide provides strong 
support for the participation of the mitochondrial system in this 
process. 


DISCUSSION 
This study points out the importance of intermediary metab- 
olites in the oxidation of TPNH produced by the phosphoglu- 
conate oxidative pathway. It is concluded that the principal 
electron acceptor for TPNH oxidation is pyruvate in vitro since 
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TaBLeE VII 
Effect of cyanide and quinine on menadione-stimulated C'*-glucose oxidation 


Ehrlich Lettré ascites tumor cells (20 mg. dry weight) were preincubated in Ca**-free Krebs-Ringer phosphate for 20 minutes with 


cyanide or quinine when required. 


Additions 


Oxygen consumed 


Glucose, and menadione if necessary, was then tipped in from the side arm. 
tions were as follows: glucose (0.01 m), menadione (3 X 10~* M), potassium cyanide (5.0 X 10- m), quinine (2.0 K 10-3 m). 
minutes’ incubation, trichloroacetic acid was added to stop the reaction. 





The final concentra- 
After 30 


Glucose carbon to CO: 


C(3 + 


Pyruvate accumulated 


Total C-1 C-2 4+5) | C-6 C-1 — C-6| 
7 pmoles patoms patoms patoms patoms patoms patoms | pmoles 
ee eiwieniss erent fn 3.8 1.14 0.42 0.11 0.55 0.06 0.36 | 0.90 + 0.02 
Menadione sehae eee 7.0 | 5.68 | 2.74 0.80 1.56 0.58 2.16 0.89 + 0.01 
Menadione + cyanide. . eae aan 1.5 | 2.02 1.36 0.15 0.48 0.03 1.33 | 0.59 + 0.02 
Quinine-HCl..... boi say aie ete 3.4 1.20 0.40 | 0.12 0.61 | 0.07 0.33 | 0.60 + 0.03 
Menadione + quinine-HCl................. 4.2 1.80 0.20 1.60 | 





0.31 + 0.01 





Tasie VIII 
Effect of vitamin K, on C'4-glucose oxidation 
MCIM rhabdomyosarcoma ascites tumor cells equivalent to 23 mg. of tissue (dry weight) were preincubated for 20 minutes at 37.8° be- 


fore glucose was tipped in from the side arm. 


During this preincubation period, Mephyton, lecithin equivalent to the amount present 
in Mephyton, and cyanide when added were present in the center compartment. 


The incubation period was 30 minutes. 


In Experiment 2, Ehrlich Lettré ascites tumor cells equivalent to 29 mg. of tissue (dry weight) were incubated in a similar manner. 





Additions Oxygen cc 


| 
| Glucose carbon to COs 


d ee 











——————|_ Pyruvate 
Total C1 | C-2 C-6 |C-1—C-6| 
; “sa im ee ~~ outene prey patoms patoms perme * undies 
ro onto 2.0 | 1.00 | 0.27 | 0.08 | 0.06 | 0.21 0.21 
Mephyton (0.003 m vitamin K,)..... 2.5 1.52 | 0.58 | 0.14 | 0.06 | 0.52 | 0.15 
Lecithin (0.033%). .. wie ‘ 2.5 1.22 0.31 0.12 0.06 | 0.25 | 0.14 
Mephyton + KCN (0.001 om). Not measured | 0.24 | 0.17 0.01 0.006 0.16 | 0.09 
epee Not measured 0.16 0.01 0.15 | 
Experiment 2 
Re ee ree rt ee Sas AAALAC SW cee onl tt 3.8 1.41 | 0.33 0.11 0.07 0.26 | 0.70 
Mephyton (0.001 m vitamin Kj)..................... 5.0 1.98 0.64 0.25 0.17 | 0.47 | 0.42 





the inhibition of decarboxylation by iodoacetate is released by 
pyruvate. It is presumed that the oxidation of TPNH by pyru- 
vate is catalyzed by lactic acid dehydrogenase. This enzyme 
which acts with TPNH at an appreciable but slower rate than 
with DPNH has been observed to be present in the nonparticu- 
late cytoplasmic fraction of ascites tumor cells (4).6 Thus, the 
enzyme is favorably localized for interaction with TPNH pro- 
duced by the dehydrogenases of the phosphogluconate oxidative 
pathway. 

Similar effects of pyruvate and iodoacetate have also been ob- 
served in another rapidly glycolyzing tissue, the mammalian 
retina; Cohen and Noell (12) have suggested that pyruvate pro- 
duces or serves as the principal electron acceptor for decarboxyla- 
tion of phosphogluconate in the rabbit retina. Furthermore, 
Kinoshita and Futterman (13) have demonstrated a lactic acid 


® It is believed that lactic acid dehydrogenase does not function 
as a transhydrogenase but that DPNH oxidized by the cytochrome 
system permits pyruvate accumulation, which in turn can interact 
with TPNH to form TPN, a possibility which was initially raised 
by L. H. Cohen. 


dehydrogenase capable of interaction with TPNH in the calf 
retina. 

It appears conceivable that pyruvate by means of this enzyme 
might provide an important control mechanism for metabolic 
events as the operation of the phosphogluconate oxidative path- 
way and TPN availability. However, one must also consider 
that the effect of pyruvate may be a metabolic artifact. 

The experiments with cytochrome inhibitors and uncoupling 
agents are in agreement with the finding that this fermentation 
intermediate is of quantitative significance in TPNH oxidation. 
Although these experiments do not provide us with a quantitative 
evaluation of other pathways which may be involved, they do 
permit examination of the relative contribution of TPN-cyto- 
chrome c reductase and transhydrogenase to this process. It is 
difficult to determine the absolute contribution of these enzymes 
which is masked by the presence of pyruvate as an electron ac- 
ceptor. Although the data from experiments with respiratory 
inhibitors suggest that TPN-cytochrome c reductase or transhy- 
drogenase are not involved in TPNH oxidation, these data alone 
do not permit this conclusion. Thus, the addition of a cyto- 
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chrome inhibitor might introduce an alternate pathway for 
TPNH oxidation. However, it appears unlikely that these en- 
zymes are quantitatively important for the oxidation of TPNH 
under the conditions employed, since no stimulation of decar- 
boxylation was observed by the addition of Dicumarol or dinitro- 
phenol. The possibility remains that these uncoupling agents 
might effectively inhibit one of these enzymes. This, however, 
is unlikely since the studies with p-phenylenediamine and mena- 
dione suggest that the locus for the block in TPNH oxidation by 
oxygen is between TPNH and cytochrome c. 

These results with intact cells are in agreement with previous 
data which indicated low activities of TPN-cytochrome c re- 
ductase or transhydrogenase in ascites tumor cell homogenates 
(4) and Novikoff hepatoma homogenates (14). Although TPN- 
cytochrome c reductase has been reported to be present in the 
Novikoff hepatoma (15), its physiological importance in TPNH 
oxidation has not been established. 

The failure of Dicumarol to stimulate the phosphogluconate 
oxidative pathway indicates that the oxidation of TPNH pro- 
duced by this process does not directly supply high energy phos- 
phate for this cell. This is presumed to be due to the low 
activity of transhydrogenase, an enzyme which permits the deri- 
vation of energy from this pyridine nucleotide (1). 

It seems reasonable that a low or diminished level of trans- 
hydrogenase and TPN-cytochrome c reductase would favor a 
reducing environment for the rapidly growing tumor cell by 
which the hydrogens of TPNH may be utilized for synthetic 
reactions (14). It is presumed that intermediary metabolites 
required for these processes would serve as the principal electron 
acceptors for TPNH oxidation in vivo. One might expect that 
endogenous metabolites could compete favorably with pyruvate 
for electrons under the hypoxic conditions of the natural en- 
vironment where the pyruvate level would be low.? 

The present study has not been designed to examine pathways 
other than the mitochondrial cytochrome system which may be 
involved in the oxidation of TPNH by oxygen.’ Recently sev- 
eral cyanide-insensitive and nonphosphorylation pathways for 
TPNH oxidation have been demonstrated in various systems 
(16-18). However, their role in metabolism has not been as- 
sessed. 

The observation that menadione-stimulated C-1 oxidation 
involves a flavoprotein suggests that interaction of this flavopro- 
tein with the respiratory chain may require a vitamin K-like 
component. The stimulatory effect observed with vitamin K, 
is compatible with this physiological role but does not necessarily 
prove it. 

It is tempting to speculate that a substance of this type has a 
low effective concentration in ascites tumor cells with the result 
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that TPNH is made available for synthetic reactions instead of 
being oxidized by oxygen. The depletion of such a component 
would favor a reducing environment for the synthetic processes 
of the rapidly growing tumor cell by which the hydrogens of 
TPNH may be utilized in reactions involved in DNA and lipide 
synthesis (1, 14, ef. review 19, 20). 


SUMMARY 


The electron acceptors involved in the oxidation of reduced 
triphosphopyridine nucleotide (TPNH) by intact ascites tumor 
cells were examined by measurement of decarboxylation via the 
phosphogluconate oxidative pathway, the rate of which is limited 
by the oxidation of TPNH. 

The following evidence was obtained which suggests that 
TPNH is not oxidized by oxygen via the mitochondrial cyto- 
chrome system: (a) C-1 minus C-6 oxidation is unaffected by 
Amytal which inhibits oxidation of glucose carbon other than 
C-1; (b) cyanide and azide were found to inhibit decarboxylation 
via the phosphogluconate oxidative pathway by 30 per cent, but 
almost completely inhibited the oxidation of other glucose car- 
bons; (c) the uncoupling agent, Dicumarol, markedly stimulated 
oxidation of glucose carbons except those derived by the phos- 
phogluconate oxidative pathway. 

The factor which limits the oxidation of TPNH by oxygen lies 
between TPNH and cytochrome c since p-phenylenediamine, 
which is presumed to mediate the passage of electrons of TPNH 
to cytochrome c, increased phosphogluconate decarboxylation, 
The finding that menadione-stimulated “‘C-1 minus C-6” oxida- 
tion was quinine sensitive is considered as evidence that the rate- 
limiting reaction in TPNH oxidation by oxygen lies between 
flavoprotein and cytochrome. A similar stimulatory effect of 
phosphogluconate decarboxylation has been observed with vita- 
min K,. 

The principal electron acceptor in vitro found for the oxidation 
of TPNH is pyruvate. This fermentation intermediate re- 
leased the observed inhibition of phosphogluconate decarboxyla- 
tion by iodoacetate. Furthermore, the decrease in CO. forma- 
tion via the pentose phosphate pathway caused by increasing 
concentrations of iodoacetate was observed to correspond to the 
decreased level of pyruvate. Similarly, the inhibition of CO, 
formation via the pentose pathway by low concentrations of 
uncoupling agents was correlated with the decrease in the amount 
of pyruvate present. 
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and to John Hackney and Lewis Keeler for their capable tech- 
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Reduced diphosphopyridine nucleotide is resistant to oxida- 
tion by hydrogen peroxide at neutral pH in water free of trace 
metals (1) but is oxidized by hydrogen peroxide in the presence 
of peroxidase (2). Peroxidase can catalyze the oxidation of both 
DPNH and TPNH by molecular oxygen under certain condi- 
tions. Thus Conn et al. (3) demonstrated that the enzyme 
complex from wheat germ which catalyzed the oxidation of 
TPNH by molecular oxygen can be resolved into 2 components 
one of which was a peroxidase. The participation of hydrogen 
peroxide in this reaction was suggested by the inhibitory effect 
of catalase. Humphrey (4) observed that Mn++ and an un- 
identified cofactor were required for the oxidation of TPNH by 
the wheat germ system. These observations have been con- 
firmed in essence by Stern and Johnston (5) with an enzyme 
prepared from wheat embryos and by Akazawa and Conn (6) 
with purified horseradish peroxidase. The latter investigators 
observed also that the Mn*++-dependent aerobic oxidation of 
TPNH and DPNH by horseradish peroxidase was greatly ac- 
celerated by the addition of certain phenols (6). Thyroxine has 
been found to stimulate the oxidation of a number of substances 
by hydrogen peroxide in the presence of peroxidase (7,8). The 
present paper deals with the effect of thyroxine on the oxidation 
of DPNH and TPNH by the peroxidase system. 


EXPERIMENTAL 


The oxidation of DPNH and TPNH was followed by the fall 
in the optical density of the reaction mixture at 340 mu. The 
results were expressed as optical density change per minute as 
calculated from a linear portion of the curve. In most instances 
the fall in absorption from the 30 to 60 second period was em- 
ployed. The spectrophotometric measurements were made at 
25° with a Cary M14 recording spectrophotometer with fused 
quartz cells 1 cm. in length. The blank was air unless other- 
wise indicated. Oxygen uptake was determined by standard 
Warburg manometric techniques. 

Horseradish peroxidase was obtained from Sigma Chemical 
Company or Worthington Biochemical Corporation and myelo- 
peroxidase was prepared as previously described (8). Other 
special reagents were obtained as follows: glucose oxidase 
(“pure”), pu-thyronine, and catalase (“lyophilized”) from 
Nutritional Biochemicals Corporation; DPN, TPN, DPNH, 
TPNH, sodium-t-thyroxine, glucose 6-phosphate disodium salt, 
fructose 1,6-diphosphate calcium salt, glucose 6-phosphate 
dehydrogenase (Practical Type 11, 800 K units per gm.), glyceral- 
dehyde phosphate dehydrogenase (5 times crystallized), estradiol- 
178, estrone, and estriol from Sigma Chemical Company; hy- 


drogen peroxide (Superoxol, 30 per cent) from Merck and 
Company; 3,3’,5-triiodo-1-thyronine from California Founda- 
tion for Biochemical Research; aldolase (5 times crystallized, 
15000 units per mg.) from Worthington Biochemical Corpora- 
tion; and 178-estradiol 3-benzoate, 178-estradiol 3-acetate, and 
estradiol diacetate from Mann Research Laboratories. Estra- 
diol 17-acetate, estradiol 17-propionate, and estradiol 17-butyrate 
were gifts to Dr. D. D. Dziewiatkowski from E. R. Squibb and 
Sons through the courtesy of Dr. E. Reifenstein, Jr. The 
methyl ether of 3,3’ ,5-triiodothyronine was very kindly sup- 
plied by Drs. A. W. Ruddy and R. C. Kroe of the Warner 
Lambert Research Institute. 


RESULTS 
DPNH Oxidation 


Oxidation by Added Hydrogen Peroxide—The oxidation of 
DPNH by the H,0--horseradish peroxidase system was markedly 
stimulated by the addition of thyroxine to the reaction mixture 
(Table I; Fig. 1 (——)). 
in the absence of peroxidase, whereas a number of experiments 
indicated a definite oxidation of DPNH by peroxidase and 
thyroxine in the absence of added hydrogen peroxide (Table 1). 
The oxidation of DPNH observed in the absence of hydrogen 
peroxide could be largely prevented by the addition of Versene 
or glycylglycine to the reaction mixture. 
involvement of a trace metal. Versene (ethylenediamine- 
tetraacetate) did not prevent the oxidation of DPNH when 
hydrogen peroxide was added to the peroxidase system (Table I). 
Added hydrogen peroxide could be replaced by a hydrogen 
The effect of the glucose- 
glucose oxidase system is shown in Table I. It is of interest, in 
view of the chelating properties of thyroxine, that Versene at a 
molar concentration 300 times that of thyroxine employed in 
Table I, did not stimulate the oxidation of DPNH by the H,Or 
peroxidase system. 

Mnt++-dependent Aerobic Oxidation—The stimulatory effect of 
thyroxine on the oxidation of DPNH by peroxidase in the 
absence of added hydrogen peroxide was greatly enhanced by 


No effect of thyroxine was observed 


This suggests the 


peroxide producing enzyme system. 


the presence of manganous ions in the reaction mixture (Fig. 1 
(-—--)). The effect of Mn++ was found to be optimal at a 
concentration of 1.7 x 10-5, and this concentration was em- 
ployed in the remainder of the study. Mn*+ could not be re- 
placed by equal concentrations of Mgt+, Bat+, Fet+t+, Ni**, 
Cutt, Lit+, Cat+, Cd++, or Co++. Cuprie chloride at a con- 
centration of 1.7 X 10-5 m completely inhibited DPNH oxi- 


dation by the Mn*+-peroxidase-thyroxine system. Maximum 
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TABLE I 


Stimulation by thyroxine of oxidation of DPNH by 
H02-peroxidase system 

The reaction mixture contained 120 ymoles of Sorensen’s phos- 
phate buffer, pH 7.0; 120 umoles of glycylglycine buffer, pH 7.0; 
0.25 umole of DPNH; 100 yg. of horseradish peroxidase; 10 wymoles 
of glucose; 300 wg. of glucose oxidase, 10 wmoles of hydrogen 
peroxide; 0.05 ymole of sodium-L-thyroxine; 2.0 wmoles of ethyl- 
enediaminetetraacetic acid, disodium salt (Versene) as indicated, 
and water to a final volume of 3.0 ml. 





Optical density 





Additions | ly 
my 

Phosphate buffer + DPNH + peroxidase..... | 0.008 
Phosphate buffer + DPNH + peroxidase + H2O2 | 0.020 
Phosphate buffer + DPNH + peroxidase + H2O2 + 

I oto tea ht tn Eee casaniners 0.436 
Phosphate buffer + DPNH + peroxidase + H2O2 + | 

NE <0 IN ion in ccc ceewwsaneasiocamasa 0.420 
Phosphate buffer + DPNH + peroxids use + thyroxine} 0.200 
Glycylglycine buffer + DPNH + peroxidase + thy-| 

roxine . i LS ae smi seca A Tk en an em | 0.025 
Phosphs te buffer < DPNH + peroxidase + thy- 

Se ee ee eee ey ee 0.025 
Phosphate buffer + DPNH + peroxidase + thy- 

roxine + Versene + glucose....................5- 0.025 
Phosphate buffer + DPNH + peroxidase + thy- | 

roxine + Versene + glucose oxidase. . 0.018 


Phosphate buffer + DPNH + peroxidase + thy- 
roxine + Versene + glucose + glucose oxidase... .| 
Phosphate buffer + DPNH + peroxidase + Versene 


os er oe ee 


0.560 


0.026 








0.600 


Optical density at 340 mys 
° ° © ° 
nM w 
s § § 8 


° 
3 














Time (min.) 

Fic. 1. Effect of thyroxine on the oxidation of DPNH. The 
reaction mixture contained 120 wmoles of phosphate buffer, pH 
7.0; 0.25 umole of DPNH; and water to a final volume of 3.0 ml. 
The solution (——) contained 1.0 umole of H2Oe, whereas the 
solution (-—--) contained 0.5 umole of MnCl:. Horseradish 
peroxidase (100 wg.) and sodium-.t-thyroxine (0.05 umole) were 
added as indicated and the optical density determined at 340 mu. 


stimulation was produced by thyroxine at a pH of about 6.5. 
The activity fell rapidly as the pH was decreased below 6.5 and 
more slowly as the pH was increased above this value (Fig. 2). 
Variation in the initial concentration of DPNH from 0.2 to 1.0 
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Optical density change per min. at 340 mz 


Fie. 2. Effect of pH. The reaction mixture contained 120 
umoles of buffer (Mf and D, acetate; @ and O, phosphate; A and 
A, tris(hydroxymethyl)aminomethane) at the pH indicated; 
0.25 umole of DPNH, 0.5 umole of MnCl», 100 ug. of horseradish 
peroxidase, and water to a final volume of 3.0 ml. Solutions in 
dicated by the open symbols contained 0.01 wmole of sodium-.- 
thyroxine whereas those represented by the solid symbols did not 
contain thyroxine. The reaction was started by the addition of 
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Fic. 3. Effect of peroxidase and thyroxine concentration. The 
conditions are as described in Fig. 2 except that phosphate buffer, 
pH 6.5, was employed. In a the peroxidase concentration was 
varied as indicated and the thyroxine concentration was main- 
tained at 0.001 umole (0.8 ug.) per cuvette whereas in b the thy 
roxine concentration was varied as indicated and the peroxidase 
concentration was maintained at 400 wg. per cuvette. The results 
are expressed as the optical density change per minute above that 
of a control which did not contain thyroxine. 


umole per 3.0 ml. of reaction mixture did not effect significantly 
its rate of oxidation, under the conditions employed in this study. 
However, the oxidation of DPNH was very sensitive to changes 
in the concentration of peroxidase (Fig. 3a) and of thyroxine 
(Fig. 3b). The high sensitivity for thyroxine and the linear 
relationship with concentration suggests the possibility that the 
stimulation of the peroxidatic oxidation of DPNH may be 
utilized for the estimation of small amounts of thyroxine. 

The oxidation of DPNH by the thyroxine-stimulated peroxi- 
dase system in the absence of added H,O:2 was associated with 
an uptake of oxygen, and therefore could be followed mano- 
metrically. Under the conditions employed in Fig. 4a, ap- 
proximately 4 mole of oxygen was taken up for every mole of 
DPNH oxidized. The effect of the depletion of each component 
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Fic. 4. Manometric determination of the stimulation of DPNH 
oxidation by thyroxine. The reaction mixture contained 100 p- 
moles of phosphate buffer, pH 7.0; 0.2 umole of MnCl.; 0.1 ymole 
of sodium-.-thyroxine; 100 ug. of horseradish peroxidase (Worth- 
ington RZ 1.1); DPNH as follows: @——®@, 4.5 umoles; O——O 
9.0 pmoles; X——X, 13.5 umoles; A——A, 18.0 umoles; and water 
to a final volume of 2.0 ml. The center well contained 0.2 ml. of 
20 per cent KOH. The reaction was started by the addition of 
DPNH from the side arm. In a the complete reaction mixture 
was employed and the DPNH concentration was varied as indi- 
cated. In b each component of the reaction mixture was deleted 
as indicated. Temperature, 37°. 
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Fig. 5. Effect of catalase. The conditions are as described in 
Fig. 2 except that phosphate buffer, pH 7.0, was employed and 
the amount of thyroxine added to the reaction mixture was 0.05 
umole. Catalase (@——@) or catalase heated at 100° for 15 
minutes (O ©) was added as indicated. 





of the reaction mixture is shown in Fig. 4b. Under the condi- 
tions employed, the oxygen uptake was dependent on the presence 
of thyroxine, peroxidase and DPNH whereas considerable oxida- 
tion was observed in the absence of added manganese. 

The oxidation of DPNH by the Mn*+-peroxidase-O2-thyroxine 
system was inhibited by catalase under the conditions employed 
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Fig. 6. Effect of ascorbic acid. The reaction mixture con- 
tained 120 umoles of phosphate buffer, pH 6.5; 0.5 umole of MnCl; 
100 wg. of horseradish peroxidase; and water to a final volume of 
3.0 ml. The reaction mixture (——) contained 0.5 umole of as- 
corbic acid. DPNH (0.25 umole) was added at zero time and 
thyroxine (0.05 umole) and H2O>2 (1.0 umole) as indicated. 


in Fig. 5. 
inhibitory. 

Ascorbic acid has been found to inhibit the oxidation of 
TPNH by an oxidase system prepared from wheat germ (4) and 
the oxidation of TPNH and DPNH by a similar system prepared 
from wheat embryos (5). The inhibitory effect of ascorbic acid 
on the oxidation of DPNH by the Mn*+-peroxidase-O2-thyroxine 
system is shown in Fig.6. An oxidation of DPNH was observed, 
however, on the addition of H.O. to the reaction mixture. The 
rate of oxidation of DPNH was relatively slow for a period which 
could be correlated with the time required for the complete 
oxidation of ascorbic acid by the H.O--peroxidase-thyroxine 
system (see (8)). At the end of this period, the oxidation of 
DPNH proceeded at the same rate as in the absence of ascorbic 
acid. 


Catalase heated to 100° for 15 minutes was much less 


Plasma at a concentration of 3 per cent of the reaction mixture 
completely inhibited the oxidation of DPNH by the Mn*+- 
peroxidase-O.-thyroxine system (Table IL). Only a. slight 


TaBLeE II 
Effect of plasma 
The reaction mixture contained 120 umoles of phosphate buffer, 
pH 7.0; 0.5 umole of manganous chloride; 100 ug. of horseradish 
peroxidase; 0.3 umole of DPNH; 0.01 umole of thyroxine; fresh 
human plasma as indicated, and water to a final volume of 3.0 
ml. 


Plasma 


t , Optical density change per minute at 
(% of reaction mixture) 340 mu 


0.240 
0.03 0.244 
0.08 | 0.220 
0.17 0.110 
0.33 0.080 
0.83 0.030 
1.65 0.020 


3.30 0.018 
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Fic. 7. Effect of a protein-free ultrafiltrate of plasma. The 
conditions are as described in Fig. 2 except that phosphate buffer, 
pH 7.0, was employed and a protein-free ultrafiltrate of fresh 
human plasma was added at the final concentrations indicated. 


inhibition of DPNH oxidation was produced by an equivalent 
concentration of a protein-free ultrafiltrate of plasma (Fig. 7). 
However, an increase in concentration of the protein-free ultra- 
filtrate did result in a considerable inhibition of DPNH oxida- 
tion. The inhibition of DPNH oxidation by plasma appears 
therefore to be due chiefly to the plasma protein component, 
although an ultrafiltrable inhibitor is also present. Thyroxine 
inactivated by plasma could be recovered in an active form from 
the plasma by n-butanol extraction. 

Williams-Ashman et al. (9) have recently reported that certain 
phenolic estrogens can stimulate the oxidation of DPNH by the 
Mn**-peroxidase-O, system. This had also been observed in 
the present study. The stimulatory effect was observed here 
with estradiol-176, estrone, estriol, estradiol 17-butyrate, estra- 
diol 17-acetate, and estradiol 17-propionate but not with estradiol 
3-benzoate, estradiol 3-acetate, or estradiol diacetate. The effect 
of estradiol-176 and thyroxine on the oxidation of DPNH by the 
Mn**-peroxidase-O,2 system was additive (Fig. 8). 

Fig. 9 compares the effect of L-thyroxine, 3,3’ ,5-triiodo-L- 
thyronine and pi-thyronine on the oxidation of DPNH by the 
Mn++ -horseradish peroxidase -O, system. The oxidation of 
DPNH in the presence of thyroxine was characterized by an 
initial lag period of short duration, during which the rate of 
oxidation increased to a maximum. Under the particular condi- 
tions employed in Fig. 9, the rate of oxidation was constant after 
the lag period until the oxidation approached completion. The 
initial lag period was not observed in the presence of thyronine. 
The rate of oxidation was maximal initially and decreased with 
time. Thus under the conditions employed in Fig. 9, the rate 
of oxidation of DPNH 3 minutes after the addition of thyronine 
approached that observed in the absence of thyronine, whereas 
approximately half of the DPNH remained unoxidized. The 
initial rate of oxidation of DPNH in the presence of thyronine, 
however, was greater than that observed during the early stages 
of thyroxine stimulated DPNH oxidation. The pattern of 
DPNH oxidation seen in the presence of 3,3’ ,5-triiodothyronine 
was intermediate between that of thyroxine and thyronine. It 
is of interest that under the conditions employed in Fig. 1, the 
oxidation of DPNH by the H.O-horseradish peroxidase-thy- 
roxine system was not associated with an initial lag period and 
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that the rate of oxidation decreased perceptibly with time. It 
has been reported previously that the methyl ether of a thy- 
roxine analogue was inactive in the stimulation of epinephrine 
oxidation by the peroxidase system under conditions in which 
the parent compound was active (8). Similarly, in the present 
study, the methyl ether of 3,3’,5-triiodothyronine was found 
to have no stimulatory effect on the oxidation of DPNH by the 
Mn**-peroxidase-O2 system under conditions in which 3,3’ ,5- 
triiodothyronine was highly active. 3,5-Diiodo-t-tyrosine was 
found to have about 1 per cent of the activity of thyroxine as 
was found previously for the oxidation of epinephrine by the 
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Fic. 8. Effect of estradiol. The reaction mixture contained 
120 wmoles of phosphate buffer, pH 7.0; 0.25 umole of DPNH; 
0.5 umole of MnCl., and water to a final volume of 3.0 ml. Estra- 
diol-178 (0.05 umole) and sodium-.-thyroxine (0.01 ywmole) were 
added as indicated. The reaction mixture in all instances con- 
tained ethanol at a final concentration of 5 percent. The reaction 
was started by the addition of 100 wg. of horseradish peroxidase. 
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Fic. 9. Comparison of the stimulatory effect of thyroxine, 
thyronine, and triiodothyronine on DPNH oxidation. The con- 
ditions are as described in Fig. 2 except that phosphate buffer, pH 
7.0, was employed and 0.01 umole of sodium-.L-thyroxine (——), 
pL-thyronine (- — - -), or 3,3’,5-triiodo-L-thyronine (—-—) was 
added at the arrow. 
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Fig. 10. Oxidation of DPNH coupled with the reduction of 
DPN. The reaction mixture contained 100 wmoles of arsenate 


buffer, pH 7.0; 1.0 umole of cysteine; 162 ug. of aldolase; 500 yg. 
of glyceraldehyde phosphate dehydrogenase; 0.25 umole of DPN, 
and water to a final volume of 3.0 ml. Fructose 1,6-diphosphate 
(10 wmoles), MnCl. (0.5 umole), horseradish peroxidase (100 ug.), 
and sodium-L-thyroxine (0.05 umole) were added as indicated. 


TaB_e III 
Stimulation of TPNH oxidation by thyroxine 
The reaction mixture contained 120 ymoles of phosphate buffer, 
pH 7.0; 0.25 umole of TPNH; water to a final volume of 3.0 ml., 
and the additions as follows: horseradish peroxidase, 100 ug.; 
myeloperoxidase preparation (optical density at 430 my, 1.80) 
0.05 ml.; H2Os, 1.0 ymole; manganous chloride, 0.5 umole; 
thyroxine, 0.05 umole. 


and 


2 4 
Optical density change 


Additions per minute at 340 mu 





Horseradish peroxidase + H2O2 aN 0.008 
Horseradish peroxidase + H.O. + thyroxine | 0.400 
Myeloperoxidase + H2O2................... 0.008 
Myeloperoxidase + H.O. + thyroxine...... | 0.320 
Horseradish peroxidase + Mn**. | 0.020 
Horseradish peroxidase + Mn** + thyroxine | 0.400 
Myeloperoxidase + Mn**+....... 0.010 

0.440 


Myeloperoxidase + Mnt*+ + thyroxine 





H.0--peroxidase system (8). Sodium iodide was inactive at a 
concentration of 5 X 10-*m. This is of interest in view of the 
presence of iodide as a contaminant of most commercial thyroxine 
preparations. 

The horseradish peroxidase routinely employed could be re- 
placed by myeloperoxidase, and DPNH by DPN and a DPN 
reduction system. When compared with horseradish peroxidase, 
the oxidation of DPNH by the Mn++ - myeloperoxidase - O¢- 
thyroxine system occurred with a shorter lag period and at a 
rate which decreased with time. In Fig. 10 the reduction of 
DPN by a system containing fructose 1 ,6-diphosphate, aldolase, 
and glyceraldehyde phosphate dehydrogenase was coupled with 
the oxidation of DPNH by peroxidase in the presence of man- 
ganese, thyroxine, and oxygen. 


Thyroxine and Reduced Pyridine Nucleotide Oxidation 
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Fic. 11. Oxidation of TPNH coupled with the reduction of 
TPN. The yeni mixture contained 100 wmoles of glyclyglycine 


buffer, pH 7.4; 10 umoles of MgCl,; 
ys St 0.25 umole of TPN, and water to a final volume of 
3.0ml. Glucose 6-phosphate (3.0 umoles), horseradish peroxidase 
(100 wg.), MnCl, (0.5 umole), and sodium-L-thyroxine (0.05 umole) 
were added as indicated. 


100 wg. of glucose 6-phosphate 


TPNH Oxidation 


The oxidation of TPNH by the H.O--peroxidase system or the 
Mn*+-peroxidase-O2 system also was stimulated by thyroxine 
(Table III). This effect was observed with both horseradish 
peroxidase and myeloperoxidase. In Fig. 11, the reduction of 
TPN by a system containing glucose 6-phosphate and its de- 
hydrogenase was coupled with the oxidation of TPNH by 
peroxidase in the presence of manganese, thyroxine, and oxygen. 


DISCUSSION 


In a previous publication (8), thyroxine was shown to stimu- 
late the oxidation of epinephrine and a number of other hydrogen 
donors by the peroxidase system. The stimulation by thyroxine 
of the oxidation of DPNH and TPNH by the peroxidase system 
is described in the present paper. This is of particular interest, 
not only because of the importance of DPNH and TPNH in 
metabolic processes but because this effect of thyroxine was 
demonstrable in terms of oxygen uptake. 

Akazawa and Conn (6) have reported that the oxidation of 
DPNH and TPNH by horseradish peroxidase in the presence of 
oxygen and Mn** is very strongly stimulated by certain phenols. 
Of a large group of phenols tested, some were stimulatory, others 
were inactive, and still others, although inactive alone, were 
inhibitory when added to a reaction mixture containing an active 
phenol. Thyroxine is a phenolic compound which, in catalytic 
amounts, stimulates the oxidation of DPNH and TPNH by the 
peroxidase system. It appears likely therefore that the mech- 
anism involved here is similar to that operative in the experiments 
of Akazawa and Conn (6) and involves the cyclic oxidation and 
reduction of thyroxine, or a degradation product of thyroxine 
(8). This is supported by the observation that the intact 
phenolic hydroxyl group is essential for the stimulatory effect of 
3,3’ ,5-triiodothyronine on the oxidation of DPNH by the Mn**- 
peroxidase-oxygen system, as was observed for the oxidation of 
epinephrine by the H.O--peroxidase system (8). In addition it 
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has been observed! that the preincubation of thyroxine with 
peroxidase and H.O, for 15 seconds before the addition of the 
hydrogen donor results in a complete disappearance of the 
stimulatory effect on peroxidatic reactions. The presence of the 
hydrogen donor in the reaction mixture during the preincubation 
period protects thyroxine from inactivation. This is compatible 
with the oxidation of thyroxine by the peroxidase system (10) 
and the reduction of an oxidized form of thyroxine by the hy- 
drogen donor. The structure of the initial oxidation products 
of thyroxine requires further elucidation. It is of interest in 
view of the stimulatory effect of 3 ,5-diiodotyrosine on the oxida- 
tion of DPNH reported here, that 2,6-diiodobenzoquinone has 
been found as a product of the oxidation of 3,5-diiodotyrosine 
by peroxidase and H,O, and that 2,6-diiodobenzoquinone is 
converted to 2,6-diiodohydroquinone nonenzymatically by 
DPNH (11). 

Although the iodine of the thyroxine molecule is not essential 
for the stimulation of DPNH oxidation to be manifest, it ap- 
pears to exert an influence on the pattern of oxidation. Thus the 
rate of oxidation in the presence of thyronine is initially more 
rapid but decreases much more rapidly with time than does the 


rate of oxidation in the presence of thyroxine. The influence of 
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the iodine on the stability of the thyronine nucleus and on the 
course of its oxidation by the peroxidase system is under further 
study. 


SUMMARY 

The oxidation of reduced diphosphopyridine nucleotide 
(DPNH) and reduced triphosphopyridine nucleotide (TPNH) 
by the peroxidase-H,O2 system is very greatly increased by the 
addition of thyroxine to the reaction mixture. The stimulation 
of DPNH and TPNH oxidation is observed when Mn++ and 
molecular oxygen are substituted for HO, in the peroxidase sys- 
tem and in this instance the effect of thyroxine is associated with 
an increase in O, uptake. Catalase, ascorbic acid, plasma, and 
to a lesser extent, a protein-free ultrafiltrate of plasma inhibit 
the oxidation of DPNH by the Mnt+-peroxidase-thyroxine- 
oxygen system. DPNH oxidation by the Mn** - peroxidase - 
oxygen system is also increased by certain phenolic estrogens and 
the effect of estradiol and thyroxine are additive. 
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Preparations of myeloperoxidase obtained from a leukemic 
tumor were found to have a red fluorescence (1) under ultra- 
violet light which could not be removed on repeated chroma- 
tography on Amberlite IRC-50 (XE-64) columns, electrophoresis 
on paper, repeated precipitation with ammonium sulfate, and 
dialysis. Even crystalline myeloperoxidase still retained this 
red fluorescence (2, 3). Only treatment with acid and an organic 
solvent removed the fluorescent material, which was shown to be 
due to porphyrins by its absorption spectrum (1). 

Since the source (a leukemic tumor) of the enzyme is extremely 
rich in porphyrins (4), the possibility was considered that due to 
this abnormal porphyrin metabolism the contaminating fluores- 
cent substance may be a porphyrin protein complex lacking iron 
in the biosynthetic pathway of myeloperoxidase production. To 
determine whether this is the incompletely formed enzyme, an 
attempt was made to introduce iron. The introduction of iron 
was expected to show an increased peroxidase activity along with 
a disappearance of the red fluorescence, since iron porphyrin 
compounds that fluoresce are not known. 

As will be seen from the data presented below the addition of 
ferrous iron to homogenates containing this peroxidase or to 
highly purified solutions resulted in inactivation of the enzyme. 
It is the purpose of this report to describe some of the factors 
influencing this inactivation, to present spectrophotometric 
studies on the reaction between iron and myeloperoxidase, and to 
indicate the significance of these findings in relation to other 
metals and ions in their reactions with myeloperoxidase. 


EXPERIMENTAL 


Methods—The sources of myeloperoxidase used in these experi- 
ments were, in most cases, preparations similar to 61AR-1 (see 
Schultz et al. (1)), homogenates of a leukemic tumor rich in 
peroxidase (see Schultz et al. (4)), and, in some cases, crystalline 
myeloperoxidase. The preparation used here is referred to as 
77AR-1 which contained 0.07 per cent iron. This material was 
diluted with 10 per cent ammonium sulfate in which it was 
found to be stable to an activity of 60 to 70 K per ml. (K per 
ml. of activity is equal to the square root of the reciprocal of the 
time required for 3 cc. of a solution containing 2 cc. of 0.22 per 
cent guaiacol and 1 cc. of 0.01 m phosphate buffer, pH 7.0, con- 
taining the enzyme to increase the absorbancy +0.050 at 470 
mu after the introduction of hydrogen peroxide (4, 1).) 

A typical experiment was carried out as follows. Other 
modifications are described elsewhere in the text. Iron (ferrous 
sulfate), 1 umole, was added to a solution of enzyme containing 
60 to 70 K per ml. and incubated at 31-33° in a constant tem- 
perature bath. Aliquots were removed periodically and tested 


for peroxidase activity. After the initial experiments, it was 
found that more rapid inactivation took place in the presence of 
air, so that in later experiments washed dry air was bubbled 
through the solution during the period of incubation. 

The experiments reported as “in absence of air” were carried 
out in evacuated Thunberg tubes. 

In the course of this reaction, turbidity developed which in- 
terfered with spectrophotometric measurements. It was neces- 
sary to allow the reaction to go to completion, after which the 
precipitate was separated by centrifugation and the supernatant 
which contains the inactivated enzyme in soluble form was used 
for spectrophotometric examination. In the experiments de- 
scribing the spectrophotometric changes during the reaction, 0.1 
mM iron was used in order to allow for adequate light transmission 
due to the turbidity that forms during the reaction. Under these 
circumstances it was only possible to measure the reaction during 
10 per cent decrease in activity. 

The precipitate which forms in this reaction was shown to 
contain ferric, ammonium, and sulfate ions. This precipitation, 
not observed in the absence of the enzyme, will be discussed 
below. 

In the spectrophotometric studies an automatic recording 
spectrophotometer was used (model PR-3 of the Process and 
Instrument Company). The enzyme measurements for peroxi- 
dase activity were carried out on a Bausch and Lomb Spectronic- 
20. 

In examining the nature of the iron peroxidase compound an 
experiment was carried out as above in the presence of air; the 
initial precipitate formed was removed by centrifugation and the 
supernatant solution was dialyzed against water until the 
elimination of sulfate ions. A series of such experiments in the 
presence of a number of chelating agents were included. In each 
experiment the dialyzed solution was evaporated to dryness and 
its iron content determined (5). 

RESULTS 

Effect of Oxygen on Inactivation of Myeloperoxidase by Ferrous 
Tron—Fig. 1 shows the results of a series of experiments in which 
the exclusion of air from the reaction medium prevented the 
inactivation process. The immediate elimination of air main- 
iained practically 100 per cent activity for over 3 hours. The 
tntroduction of air after 3 hours resulted in a rate of inactivation 
equivalent to that found when air was introduced immediately. 
The absence of air for the 1st hour followed by a short interval 
of air treatment resulted in a loss of 30 per cent, which level was 
maintained by excluding air for over 2 hours, following which 


the introduction of air resulted in rapid inactivation. It was 
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Fic. 1. Effect of air on inactivation of peroxidase activity by 
Fe (II). Broken lines indicate time interval during which air was 
admitted into reaction medium; and solid line shows time interval 
during which medium remained in vacuo. Reactions were carried 
out in four special Thunberg tubes. Curves 1 and 2 show effects 
of immediate exposure to air. Curve 8, vacuum was kept on for 1 
hour and then tube was brought to atmospheric pressure for 5 
minutes and vacuum again maintained for over 2 additional hours. 
Sample was taken immediately on exposure to air and at the in- 
tervals thereafter as indicated. In Curve 4 air was excluded for 
the first 3 hours as shown by the solid line and then air was ad- 
mitted as indicated by the broken line. 


therefore possible to control the rate of inactivation by admitting 
or excluding air from the reaction. 

Comparison of Iron (II) and Iron (III)—At concentrations of 
ferric ion up to 10 mM no inactivation took place. In simul- 
taneous experiments with ferrous ion shown in Fig. 2 as little as 
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Fic. 2. Influence of Fe (II) concentration on rate of inactiva- 
tion of myeloperoxidase prepared from chloroma tissue (1) and 
the comparison with effect observed with Fe (III). Each point 
represents the activity found in a 60 K per ml. enzyme prepara- 
tion contained in 10 per cent ammonium sulfate after 15 minutes’ 
contact with the concentration of iron indicated and exposed to a 
constant stream of dried compressed air. 
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Fic. 3. The pH at which maximal rate of inactivation of myelo- 
peroxidase by Fe (II) takes place. Each point represents the per 
cent inactivation accomplished in 15 minutes by a 5 mm solution 
of Fe (II) on the enzyme present in the same solution at a con- 
centration of 60 K per ml. in 10 per cent ammonium sulfate ad- 
justed to the pH indicated. 


5.5 6.0 


0.1 mM ferrous ion caused at least 10 per cent inactivation under 
the conditions of the experiments. Increasing concentrations of 
ferrous ion showed increased rate of inactivation. 

pH Maxima of Inactivation Reaction—When the pH of the 
reaction mixture was adjusted to various pH values of 5.5 to 7.0 
with phosphate buffer it was found that the maximal rate of 
inactivation was between 6.0 and 6.6 as seen in Fig. 3. In pH 
values greater than 6.9 some ferric hydroxide begins to form 
which obviously prevents the reaction from taking place. 

Effect of Other Metal Ions on Peroxidase Activity—When air was 
bubbled for 15 minutes through solutions of myeloperoxidase 
containing approximately 70 K per ml. of enzyme in the presence 
of 5 mo ferrous ion, 73 per cent inactivation took place. Simul- 
taneous experiments with Zn++ (10 mm), Mgt+ (10 mm), Cutt, 
Cot++, and Ni*+ (all 5 mM) in the same manner showed no in- 
activation with each of these ions. 

Effect of Chelating Agents, Cysteine, Ascorbic Acid, and Other 
Factors on Iron Reaction—As seen in Table I, equal molar con- 
centrations of EDTA,! AET, and ascorbic acid completely 
eliminated the effect of Fe (II); whereas as little as 4 the con- 
centration of cysteine allowed 50 per cent of the reaction to take 
placeand ? prevented the Fe (II) from reacting at all. p-Chloro- 
mercuribenzoate failed to influence the course of the reaction. 

Spectrophotometry of Reaction between Fe (II) and M yeloperoxi- 
dase—The loss of activity of the enzyme is not accompanied by 
a change in the reduced difference spectrum. Table II shows 
that the amount of enzyme calculated from the reduced difference 
spectrum does not change during the period in which the enzyme 
activity is diminished. In Fig. 4 the reduced difference spectrum 
of the inactivated enzyme is practically the same as the initial 
active enzyme (Curve 1). 

However, when the iron-peroxidase reaction mixture is meas- 
ured against the peroxidase without iron, the iron-peroxidase 
difference spectrum can clearly be seen in Curve 3 with a 460 mu 
peak and a 625 my peak. 


1The abbreviations used are: EDTA, ethylenediaminetetra- 
acetic acid; AET, 2-aminoethylisothiuronium bromide hydro- 
bromide. 
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TABLE I 
Factors influencing Fe (II) inactivation of myeloperozidase 
The experiments were carried out as described in the text, 
measurements of enzyme activity being made over a 15-minute 
period, during which a constant stream of air was bubbled through 
the solution. Each test solution contained substances indicated 
in the table in a total volume of 1.0 ce. buffered at pH 6.4. 

















4 Additive 
a tration of ee cae | Inhibition 
| | tration 
iii 7 ry - 7 a | : = -  K/mi* : | % - 
| 
1 | 60 | 
5 | 12 | 80 
5 | Cysteine 1 | a2 | @ 
5 | Cysteine 2 50 17 
| 5 Cysteine 3 58 4 
| 
2 | | 62 
CMBt | 5 | 62 | 
5 CMB 5 | lt | 82 
5 | | 11 | 82 
| | 60 
5 Ascorbic acid | 5 | 59 | 
| 
3 | 46 
| AET 5 | 45 | 2 
5 AET | 5 44 4 
| ED I A | 5 | 48 | 
5 | EDTA 5 | 40 13 
| 5 | | 3 | 9 


* For the definition of the enzyme activity units (K/ml.) see 
the first paragraph under ‘‘Methods.”’ 
1 CMB, p-chloromercuribenzoate. 


TaBLe II 
Stability of spectrophotometric peroxidase values during 
loss of enzyme activity 
Values indicate mg. of enzyme (calculated from 300 K = 1 mg. 
cf. (1)) before and after iron treatment (see text). 
Myeloperoxidase 


Spectrophotometric* Enzymatic 
mg. mg. 
Before Fe treatment. a 0.16 0.16 
After Fe treatment......... 0.16 0.02 





* Figures calculated from reduced difference spectra with € 
49.5 (see Fig. 4). 


475 


mM = 


Difference Spectra of Various Substances and M yeloperoxridase— 
In Fig. 5A, the reduced difference spectrum of myeloperoxidase 
(Curve 1) and the iron difference spectrum (Curve 2) are shown 
along with others (5B) on the same scale and equivalent con- 
centrations. Ascorbic acid and cysteine (Curves 1 and 2, Fig. 
5B) show sharp 460 and 625 my peaks of higher extinction than 
apid inactivating ions such as CN- (Curve 3) and a slow in- 
activating agent, hydroxylamine (Curve 4) (cf. Table III). 

Change in Iron-difference Spectrum during Inactivation—Where 
a solution of peroxidase was diluted to approximately 11 K/ml. 
and made 0.1 mm to Fe (ID), the amount of turbidity that de- 
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Fie. 4. Difference spectra. Curve 1 is the reduced difference 
spectrum of myeloperoxidase obtained by adding sodium hydro- 
sulfite to one of two balanced cuvettes containing the enzyme and 
reading the reduced against the oxidized. Curve 2 is a similar 
experiment carried out in the supernatant of the same enzyme 
solution after inactivation by ferrous ion and removal of inter- 
fering substances by centrifugation. Curve 3 is an iron peroxi- 
dase difference spectra of a solution inactivated as in the case of 
Curve 2, but read against an untreated peroxidase solution in the 
same solvent as the iron solution except for the presence of iron. 
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Fic. 5. Difference spectra. In each case the spectrum was that 
obtained by a balancing of two aliquots of the enzyme solution 
against each other and then adding the required amount of sub- 
stance to the sample cuvette and an equal amount of solvent with- 
out the substance to the reference cuvette. (A) Curve 1, hy- 
drosulfite-reduced peroxidase versus peroxidase. Curve 2, Fe 
(II)-treated peroxidase versus peroxidase. (B) Curve 1, 5 mM as- 
corbate-peroxidase versus peroxidase. Curve 2, 3.3 mM cysteine 
versus peroxidase. Curve 3, CN-peroxidase versus peroxidase. 
Curve 4, hydroxylamine peroxidase versus peroxidase. All perox- 
idase concentration, 15 K per ml. Cysteine and ascorbic acid 
peaks develop almost immediately, whereas CN is slow and hy- 
droxylamine is slowest, slower even than Fe (II) which required 
15 minutes at the same concentration. 


veloped was small enough to permit a difference reading at 460 
my that could be followed for at least 16 minutes. Fig. 6 shows 
a reconstructed plot of this curve showing a delta (460 to 500 
my) of greater than 0.015 during a period in which approxi- 
mately 10 per cent of the activity was lost. That this difference 
spectrum represents a partial reaction between the metal and 
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TaBLe III 
Absorption mazima of myeloperoxidase difference spectra 
After balancing cuvettes containing myeloperoxidase, the sub- 
stance indicated in the first column was added to the sample cu- 
vette which was then scanned against the reference cuvette con- 
taining only the enzyme (see Fig. 5). 


Soret region Visible region 


. ee ee ee Soret 
Compound Absorb- Absorb- Visible 
Maxima ance X Maxima | ance X 
1000 1000 
- 7 : ; mp | - mp y = 

Hydrosulfite 473.3 40 640.5 11.5 3.5 
Potassium cyanide 457 .3 36 639.2 5.5 6.6 
Hydroxylamine 461.9 11 618 4 2.8 
Ascorbie acid 457.8 71 624.3 13 5.5 
Cysteine: HCl 457.8 58 624.3 11 5.3 
Ferrous sulfate. ... 456.9 25 628.1 4.5 5.6 





enzyme is indicated by the fact that when the same amount of 
enzyme was allowed to react with greater concentrations of iron 
(460 to 500 my), absorbance differences up to 3 to 4 times as 
great were observed in the same time period with losses of 
activity up to 80 per cent. But, as stated above, at such con- 
centrations the continuous spectrum of this change cannot be 
measured under these circumstances. 


DISCUSSION 


The sensitivity to inactivation of the myeloperoxidase studied 
in these experiments depends on the presence of ferrous ion and 
In the presence of cysteine and ascorbic acid the en- 
zyme behaves as it does in the absence of air, whereas the pro- 
tection offered by the EDTA and AET is due primarily to their 
reaction with the iron; the results with p-chloromercuribenzoate 
indicate the iron inactivation is probably not due to reaction 
with thiol groups of the enzyme protein, assuming such groups 
are equally available to the organic compound and the metal ion. 

The spectrophotometric evidence suggests that the cysteine 
and ascorbic acid do not protect by reacting with iron, but rather 
react with the same groups on the enzyme as iron, and the other 
inactivating agents (CN- and hydroxylamine) but in a manner 
wherein the ability of the enzyme to be active is retained. This 
could be a reversible reaction. The fact that there was found no 
observable difference spectra with EDTA and AET leads to the 
explanation that these molecules react directly with the iron. 

The iron peroxidase product obtained following the complete 
inactivation of the enzyme contains considerably more of this 
metal than the original enzyme. Various conditions of dialysis, 
such as 6 days against distilled water, against 0.9 per cent sodium 
chloride solution and solutions containing EDTA or cysteine 
failed to appreciably diminish the iron content of the inactive 
enzyme (Table IV). 

The specificity of this reaction is being investigated inasmuch 
as preliminary experiments indicate that horse-radish peroxidase 
is not inhibited under the condition described in this report. 
The nature of the active group on the myeloperoxidase molecule 
responsible for the iron reaction may be better explained when 
the nature of the prosthetic group of the enzyme is known. 

The possible role of the porphyrin contaminant in this reaction 
is not completely eliminated, since measurements with an Aminco 
Bowman spectrofluorophotometer do indicate a possible dis- 


oxygen. 
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TIME IN MINUTES 

Fic. 6. Each point in the curve is taken from the curve obtained 
by adding iron to the sample cuvette after balancing with a ref- 
erence cuvette and adding an equivalent amount of solvent to the 
reference cuvette without iron. The wave length was set at 460 
my and the recorder allowed to rotate. At the time intervals 
indicated the reading at 500 mu was taken and subtracted from 
the 460 my reading to give the value in the figure on the left hand 
scale. After 16 minutes an aliquot was removed and tested for 
peroxidase activity. K/ml. is recorded in the right hand scale 
and the broken line. (See text for further explanation of curves.) 


appearance of the porphyrin fluorescence in the course of in- 
activation, although this cannot be seen with the naked eye. 
Experiments with myeloperoxidase preparation from human 
leukocytes, which does not have the fluorescence of the material 
used here, indicate that the Fe (II) effect is not the same. This 
and the possible relation of these results to unexplained biological 
effects of Fe (6) and porphyrin (7) become a principal point of 
interest. 

Further inquiry into this phenomenon leads to an examination 
of the kinetics of the reaction involving the initial formation of 
the precipitate containing ferric iron, ammonium and sulfate 
ions. These studies now in progress indicate that with the 
crystalline verdoperoxidase, horse-radish peroxidase, and highly 
purified human leukocytic myeloperoxidase there is marked 
variation of the rate of formation of the precipitate; the extent 
of inactivation being related to the rate. These data, to be 

TABLE IV 
Efforts to remove Fe from iron-treated myeloperozidase by dialysis 

In these experiments the myeloperoxidase containing 0.07 per 
cent Fe dry weight was treated as described in the text with 5 mm 
Fe and a stream of dried air. After removing the insoluble iron- 
containing precipitate, the supernatant was dialyzed as shown be- 
low, and the iron content of the dried dialyzed material deter- 
mined (5). Sodium chloride solution was 0.9 per cent. 


Time of | +s saat o Fe content of dried 
dialysis Composition of external media | enzyme after dialysis 

days per cent 

6 | Distilled water 1.29 

5 Sodium chloride solution 

2 | Distilled water 0.77 

2 Sodium chloride solution 

1 EDTA 

0.75 Distilled water 0.59 
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reported in detail at a later date, and the above information 
indicate a two phase reaction involving the removal of an electron 
from ferrous iron, and the possible formation of reduced oxygen 
products; the latter, along with a reaction product of iron and 
peroxidase, may be the cause of the inactivation of the enzyme. 
That the initial oxidation of Fe (II) is carried out by a catalyst 
present in varying amounts among the different peroxidase 
preparations, was demonstrated by failure of boiled preparations 
of myeloperoxidase to carry out the initial oxidation of ferrous 
ion. In light of the studies of George (8) and Huffman and 
Davidson (9), in the chemical oxidation of Fe (II) under other 
conditions, the initial reaction described may be due to an 
enzyme; an enzyme, indeed, which brings about a reduction of 
oxygen by an electron transfer from Fe (II), which will be de- 
scribed elsewhere.” 


Iron (IT) Inactivation of Myeloperoxidase 


Vol. 234, No. 9 


SUMMARY 

In the presence of oxygen ferrous ion inactivates purified 
preparations of myeloperoxidase obtained from a leukemic tumor; 
cysteine, ascorbic acid, ethylenediaminetetraacetate, and 2- 
aminoethylisothiuronium bromide hydrobromide inhibit this re- 
action, whereas p-chloromercuribenzoate has no effect. Similar 
treatment with other metal ions including Fe (III) at concen- 
trations equimolar with the Fe (II) does not result in the in- 
activation of the enzyme. Spectrophotometric data, which are 
presented along with other data suggest that the mode of in- 
activation may be through the formation of oxygen reduction 
products. 
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